US009280464B2

a2 United States Patent

(10) Patent No.: US 9,280,464 B2

Iyer et al. 45) Date of Patent: Mar. 8, 2016
(54) SYSTEM AND METHOD FOR 2212/152 (2013.01); GO6F 2212/502 (2013.01);
SIMULTANEOUSLY STORING AND GOGF 2212/657 (2013.01)
READING DATA FROM A MEMORY SYSTEM (58) Field of Classification Search
. . None
(71)  Applicant: (C[}ssc)o Technology, Inc., San Jose, CA See application file for complete search history.
(72) Inventors: Sundar Iyer, Palo Alto, CA (US); (56) References Cited
Shang-Tse Chuang, Los Altos, CA (US) U.S. PATENT DOCUMENTS
(73) Assignee: Cisco Technology, Inc., San Jose, CA 4,725,945 A 2/1988 Kronstadt et al.
(US) 5,835,941 A 11/1998 Pawlowski
5,860,141 A 1/1999 Washington et al.
. s s . . 6,189,073 Bl 2/2001 Pawlowski
(*) Notice: Subject. to any dlsclalmer,. the term of this 6378032 Bl 42002 Rz(l)\:)]e(l)'t\:(s)nl
patent is extended or adjusted under 35 .
U.S.C. 154(b) by 0 days. (Continued)
(21)  Appl. No.: 14/730,696 FOREIGN PATENT DOCUMENTS
(22) Filed: Jun. 4, 2015 CN 101262405 A 9/2008
OTHER PUBLICATIONS
(65) Prior Publication Data
English translation of Office Action in counterpart Chinese Applica-
US 2015/0339227 A1 - Nov. 26,2015 tion No. 201080063971.0, mailed Nov. 24, 2014, 5 pages.
Related U.S. Application Data Primary Examiner — Sean D Rossiter
(63) Continuation of application No. 14/487,083, filed on (74) Attorney, Agent, or Firm — Edell, Shapiro & Finnan,
Sep. 15, 2014, now Pat. No. 9,063,876, which is a LLC
continuation of application No. 13/865,997, filed on
Apr. 18, 2013, now Pat. No. 8,838,934, which is a (57) ABSTRACT
gontlnuatlon of application No. 12/584,645, filed on A system and method for providing high-speed memory
ep. 8, 2009, now Pat. No. 8,433,880. . .. . . L
operations is disclosed. The technique uses virtualization of
(60) Provisional application No. 61/161,025, filed on Mar. memory space to map a virtual address space to a larger
17, 2009. physical address space wherein no memory bank conflicts
will occur. The larger physical address space is used to pre-
(51) Int.CL vent memory bank conflicts from occurring by moving the
GO6F 12/00 (2006.01) virtualized memory addresses of data being written to
GO6F 13/00 (2006.01) memory to a different location in physical memory that will
GOGF 12/02 (2006.01) eliminate a memory bank conflict. This allows the memory
GO6F 12/06 (2006.01) system to both store and read data in the same cycle with no
(52) US.CL conflicts.
CPC ............ GO6F 12/0292 (2013.01); GOG6F 12/06

(2013.01); GO6F 2212/1024 (2013.01); GOGF

16 Claims, 26 Drawing Sheets

Physica: semery 620
Bank 8 Bank C

Bank D

+— 500

Virtuabzed remory
controller 621

Vitualized
ﬂemo;/
labie 623

,%
B S==
o o o o e |m

034
04

s 0] T

\sel0l1]203]e

Herio'y Userls) 610



US 9,280,464 B2

Page 2
(56) References Cited 2004/0143710 A1 7/2004 Walmsley
2004/0143720 A1 7/2004 Mansell et al.
U.S. PATENT DOCUMENTS 2005/0091465 Al 4/2005 Andreev et al.
2006/0129741 Al 6/2006 Hillier et al.
6,404,691 Bl  6/2002 Fujishima et al. 2006/0190678 Al 82006 Butler et al.
6,446,157 Bl 9/2002 McGehearty et al. 2007/0233959 Al  10/2007 Hotta et al.
6,622,225 Bl 9/2003 Kessler et al. 2008/0082755 Al 4/2008 Kornegay et al.
6,801,980 B2  10/2004 Jietal. 2008/0115043 Al 5/2008 Shimizume et al.
6,948,028 B2 9/2005 Jietal. 2008/0133876 Al 6/2008 Kwon etal.
7,047,385 Bl 52006 Bhattacharya et al. 2008/0162798 Al 7/2008 Lofgren et al.
7,203,794 B2 4/2007 Jietal. .
7530460 BL  6/2010 Car 2008/0183958 Al 7/2008 Cheriton
7827372 B2 11/2010 Bink et al. 2009/0077329 A1 3/2009 Wood et al.
2002/0056022 Al 5/2002 Leung 2009/0182944 Al 7/2009 Comparan et al.
2004/0093458 Al 5/2004 Kanno et al. 2009/0254731 Al 10/2009 Maheshwari et al.
2004/0103250 A1 5/2004 Alsup 2013/0121075 Al 5/2013 Hutchison et al.



U.S. Patent Mar. 8, 2016 Sheet 1 of 26 US 9,280,464 B2

Figure 1 Video
" i
/\ -

Processor 102

Cache 103
Instructions 124

A

Video Display
Adapter 110

A

Main Memory 104

.| Alpha-numeric Input
Device 112

data 125

A
A
A

Instructions 124

Cursor Control
Bus Device 114

108

A
A

Drive Unit 116

Network Interface Machine-Readable
Device 120 < Medium 122

A
A 4

Instructions 124

Signal Generation
Device 118

Network 126

A
A




U.S. Patent

Mar. 8, 2016

Sheet 2 of 26

Virtual memory address space 225

Long term storage allocated to virtual memory 216

Physical Main memory 204

US 9,280,464 B2

Virtual memory system conroller 221

Virtual memory page
tables 223

Processor 210

On-chip cache
memory 202

Figure 2



U.S. Patent Mar. 8, 2016 Sheet 3 of 26 US 9,280,464 B2

Bank 0 Bank 1
0 1
2 3
4 5
: [ Figure 3A
8 9
N-4 2N-3
2N-2 2N-1
A A
A Y
memory system controller 321
A
\J
Processor 310
33 33 33
v ¥
EBEREN
Figure 3B
CRERERERER




U.S. Patent

Memory
User 411

Memory
User 412

Mar. 8, 2016 Sheet 4 of 26 US 9,280,464 B2
Bank 0 Bank 1 Bank 2 Bank 3
000 100 200 300
001 101 201 301
002 102 202 302
003 103 203 303 .
w | [w | [ | (s FiguredA
098 198 298 396
099 199 29 399
A A A A
Y y / Y
memory system controller 421
' Memory User 41| MemoryUser412|
. Processor 410 |
>< 000 >< 202 >< 104 >< 105 >< 009 ><
Figure 4B

10t >< 0 >< 205 101-00nﬂic9< 101 X
FEEEL




U.S. Patent Mar. 8, 2016 Sheet 5 of 26 US 9,280,464 B2

Physical memory address space 520

500

Virtualized memory address space 504 !

Virtualized memory system controller 521

Virtualized memory
tables 523
A T A
o ;
L Figure 5
A v |
Memory User 511 Memory User 512

Processor 510



U.S. Patent Mar. 8, 2016 Sheet 6 of 26 US 9,280,464 B2

604 Physical memory 620
Y BakA BB BnkC  BakD Bk
0! o0 | [0 | [ a0 | [0 )i [empy
011 00f 101 201 0|1 | emy
02: 002 102 202 02 |1 | empty
031 003 103 203 01| emply
041|004 104 204 04 11| emply
081 08 198 298 308 |1 | emply
991 099 199 209 9 |1 | emply
! [ ! A
L om0 o o O ot o e e e | ‘.......... 600
A Y A
 ABCDE
Virtualized memory 00f0|1]2]3 e
controller 621 00111213 ]e
" HARE
Virtualized | 03}0 {1 12]31e
memory
A DIRFIEE
081011123 1e
G (IHFIRE

Memory User(s) 610 Fig“l‘e 0




U.S. Patent Mar. 8, 2016 Sheet 7 of 26 US 9,280,464 B2

A-B C D E A-B € D E

00000{ |100| j200] 300] | e 00{000] {100 |200{ {300 | e
01,001] |101| 201} 1301) | e 01001 | e | 1201 J301] 101
02,002| |102| 202 1302 | e 02002] 102} 202] 1302) |e
03,003| 1103| 1203) 303] | e 03{003] |103| 1203 1303 | e
04/004| |104| 1204) 304] | e 04{004] (104 1204 1304] | e
98098| 198| 298] |398| | e 98|096| |198| 1298| 1398] | e
99/099| 199| 209) 1399] | e 99(099] 1199 1299| 1399 | e
Figure ¢ ¢ 1 ¢+ ¢  Figure d } ¢ | |
7 A memory system controller 724 7B memory system controlier 721
( ABCDE ABCDE

00{0]1/2{3]e 00f0]1]213]e

01f011]2]31e 0110121213}

02[011/2{3]e 020011(2/3e

03{0{1]2]31e 0310411213 /e

73 04[0]1]2]3]e 7 {001 ]213]e
%®[011]2]|31e 9810111213 ¢

99100112}3 990111213 1e

W(101j k(m)



U.S. Patent Mar. 8, 2016 Sheet 8 of 26 US 9,280,464 B2

A B ¢ D E A-B C D E

00{000; |100} 1200} 300 | e 00,000 |100] |200] 300} |
01(001] | e | 201} 1301] [101 01/001] 201) | e | 301) |101
02002} [102) 202} 302} | e 021002 102] 1202) 1302) | e
03|003] |103) |203) 303} | e 03(003) (103 |203| 1303} | e
04{004 104} 204} 304| | e 04/004] (104 (204| (304| | e
98(098 [198] (298] 398} | e 98(098] |198] (298| 39| | e
991099 1199} 299} 1399| | e 99,009 |199] 1299 399 | e
Figure § } } } | Figure ¢ ¢ § ¢ |
7C memory system controller 72 7D memory system controller 724
ABCDE ABCDE

00101112{3]e 0040111213]e

0140[ef2/3|!1 0140/21e 3|1

0210111213 ]e 0210{14213]e

03{0(112(3]e 0310111213 ]e

73 { oa o123 73 1 a0 [11203]e
9810[112/3]e 9%810/112{3]e

9910{1]2(3 e 9940111213 1e

vv(zmj b‘(zm)



U.S. Patent Mar. 8, 2016 Sheet 9 of 26 US 9,280,464 B2

Bank A Bank B Bank C Bank D Bank E

00
01
02
03
04
98 A
. Figure 8
A 4 A A A
A A A Y Y
memory system controfier §21
( AlBJC]|DI]E
00 gleje
01 ¢lele
02 glele
03 SHE
823 { 04 elele
98
\%




U.S. Patent Mar. 8, 2016
A B C D E F
00{000] 1100| [200f 1300 | e || e
01001} 1101} 201} 1301| |e || e
02(002) 1102} 2021 1302 | e || e
03(003) 1103] (203} 1303 |e || e
04/004] 1104] [204] 1304 | & || e
981098] 1198] (298! 1398 | e || e
991099 1199| (299} 1399| |e || e
R
memory system controller 921

ABCDEF
00{0(112]3]ele
01101112131ele
0210111213 |ele
0340111213 (ele

923 { 04}0]1]2[3]e]e
0810111213|e}e
9910111213

o ) 3@ KSG Flgure

Sheet 10 of 26 US 9,280,464 B2
A-B C D E F
00000 {100| 200 1300 1 e || e
011001} 1101 1201 1301} (e || e
02002} 1102 1202\ 1302} e || e
03/003| {103| 1203 1 e | 1303)| e
041004 1104| 1204) 1304] 1e | e
98098| 1198| 1298) {e | | {398
99/099] 1199) 1299 1399} (e || e
3 L
I T A
mermory system controller 921
{ ABCDEF
0010{1(2{3]ele
01]01112{3]ele
0210111213]ele
031011]2/e{3}e
923 { 04{011]2/3]e]e
981011121e
\990 11213
Figure



U.S. Patent Mar. 8, 2016 Sheet 11 of 26 US 9,280,464 B2

A~ B C D E F A-B C D E F
00000; {100 200{ 1300 e ||e 00{000 |100] 200] 300 |e ||e
01j001) 1101] 201) 301) te|le 011001) 1101) 201) 1301} e ||e
021002 102 (202) 1302 (e ||e 021002 |102) 2021 1302 |e|le
031003 1103] 203| | e | 1303]| e 031003 1103] e | |203] (303| e
04/004) 1104 204] 304| e ||e 041004 1104] 204) 1304| |e|le
981098] 1198 298] | e | | e |[398 98/098| 1198] 298] | e | | e ||398
991099 1199] |299) 3% e ||e 991099( 1199| | e | 1399| 1299\ e

A A A A ¢ A 4 t A 4 'y A

i y Y A 4 y 4 Y Y y

memory system controlier 921 memory system controller 921

{ ABCDEF ABCDEF
00010{1/2{3ele 001011]2]3]ele
01]011]2(3]e]e 014011]2(31ele
02101112(3e}e 0210{1]3|2e|e
031011121eldle 03j011]el2{3]¢
923 { o¢fo 1 ]2]3]ele 923 { 0af0]12[3[efe
981011121ee|d 981011(2]ele|3
99101112131ele 990011 1ei312]e

20) Mﬂ Km Figure Figgre



U.S. Patent Mar. 8, 2016 Sheet 12 of 26 US 9,280,464 B2

AB C D E F A B C D E F
00{ocof {100| [200] [300{ | e || e 00000} 100] [200| (300 [e | e
o1j001] 101 01} 1301] |e || e 01001] |101) [201) [ e | [e | e
02(002{ [102] [2021 1302 |e || e 02002| 1102 [202| 1302 [e | e
03(003| [103] [203| [303} | e || e 03/003| 103 [203| 1303 [e |l e
04(004] [104] [204) 1304] | e || e 04/004] [104] [204) 1304] [ || e
98(098| [198] [208| 308] | e || e 08/096| 1198 (298] | & | (308} e
99(099| [199| [209| 309] |e || e 99/099| |199] [209) 13%9| [e | e
P r b il
memory system controlier 1021 memory system controller 1021
 ABCDEF ABCDEF
00[0]112]3]ele 00[0[112]3]e]e
0110111213|ele 010(112]elele
fo[112[3]ele 018} oafol1]2]3]ele

1031 o3fo[1]2]3]ele 1031 o3fo]1]2]3]ele
1023 04{0[1]2]3[e]e 1023 o4f0] 1]2]3[e[e

1032 oefo]1]2[3]e[e 1032 sefo]12]e]3]e
s9l0l1]2]3 oofo]1]2]3]ele

ST



U.S. Patent Mar. 8, 2016 Sheet 13 of 26 US 9,280,464 B2

A B ¢ D E F AAB C D E F
00[000] |100| 1200{ 1300 |e |ie 00(000} [100| {200; | e | | & |{300
011001] 1101 1201} [ e | |e|ie 011001] 101} 1201] | e | (301} e
02(002] |102| (202} 1302 | e || e 02(002| 102} (202| 1302 |e || e
03(003| 103] (203} 1303 | e |l e 03003] (103} 203| |e| |e |l e
041004| |104] [204] 1304| | e || e 04(004| |104] 1204] 1304} |e |l e
081008| 1198] 298] | e | |398|| e 08(098| (196] (298] | e | 398! ¢
091009| |199] 1299] 1399 | e || e 09|099| [199] 1299| 1399} |e |l e

Pr b S

memorx system controller 1021 memory system controller 1021

W(301)f ABCDEF ABCDEF

¢ |00fo]t{2{3lele 000[112(ele]3
L 01j01112]elele 01j0]112]e|3]e

Nt dete ) |oofol 121316 e ol 1215 e e

1031 0310]112{3ele 1031 03101112(elele
1023 o4f0] 11213 e]e 1023 040 [2[3 e e
: . 303, data :

W2 o2l R [T AREE

9101{11213]ele 991011123 1ele

Figure Figure
W(S()Oj Ry(303) 10C 10D



U.S. Patent Mar. 8, 2016 Sheet 14 of 26 US 9,280,464 B2

A B CD EF G A B CD EF G
coooc o0 00k 0 e e |l e cooue oo 00 oo e el e
oront 101 o1 301 [ e |le oronr) oot [ e ] e lele
w0] 102 202 07 e e | e 0002 102 20207 [ e | e || e
0603 103 208 308 | ¢ e | e 03008 103 2081308 | ¢ | el e
oot [0 e o] [e e ][ e o one o[ e | [e [ e][ e
5698 1196 96) 398 | ||| | 96098 [198] 296|398 | || ||
sous] [199) 9] [39] [ | e ][ o099 [9] 9] | [39] e ][
bbb bbb
memory system controller 1121 memory system controfler 1121

ABCDEFG ABCDEFG
. oo[o[1T23]e]ee 2 (o[ ToTs[e[e]e
0110{1]2]3]ele}e 0140{1|2]elelele
021011123 |elele 304, dala 0210{112{3]ele|e
132 0310]112)3|elele 1132 03101112{3lejele
10233 04{0]1 1213 e efe 125 04{0][2]elele[e

13 | | 1133 '
98101112/3|elele 9810{112{3ele|e
99101112/3]elele 99101 ti2]ei3lele

1134 1134

Figure Figure
39) \” K”“ 11A 11B



U.S. Patent Mar. 8, 2016 Sheet 15 of 26 US 9,280,464 B2

A B CDEFG A-B CD E F G
00,000} 100120011300 1 & |1 e || ¢ 00j000{ 1100{|200(1 e | | e || e}l e
011001 101|201 e | efleyle 011001} 1101} (201|1 e | 1301}| e || &
02/002) 1102/{202)(302) | & || e || e 021002{ 1102|202/ e | je||e}le
03003 103]1203|303 | & |1e || e 031003 11031]203|1303| 1 e || e || e
04/004) [104]|204]| & | | & ]| e]|e 041004| 1041|2041 & | | e ||304] e
961098, 1198]1298)(398| | e || e || e 9810981 119811298/ e | | e || e {398
99099, |199]/299]| e | 399} e || e 991099 1991|2991 & | 1399| ¢ || &

A ' S A A A A A A A A

vy y Y A ¢ Y Y 4 y A Y \ :

memory system controller 1121 memory system controller 1124
h ABCDEFG ABCDEFG
e o[ a3 eTee - oo [2[e elele
{01101)2]elelele 3 01101112]el3lele
304 data |- [02]1011(2{3]elele 0210[112]elelele
132 0310111213 lelele 1132 0340[112[3]elele
12304101 1]2]elelele 123 04]0]1 12]ele[3]e
; ! 300, data ;
133 ' 1133
0810111213 lelele 9810]112[elelel3
solo]1[2]e[3[ele 02.0ata)  |gof0112]e]3]e]e
134 1134

Figure Figure
399 KSOO K302 11C HD



U.S. Patent Mar. 8, 2016 Sheet 16 of 26 US 9,280,464 B2

A B C D E AB ¢ D E
00{000] (00| 200] |300| | e 00000] |100] [200] 1300| | e
0t001] [101] 201 1301] |e 0100t} o1 [201] 301] |e
02002] [102] 202 302 |e 02002 [102] |202] 30| ||
03003] |103] 1203| |303] | e 03003) [103] |203| (303| |e
04(004] [104] 1204] [304] | 04004} [104] 204] 304 | e
98l008] [198] 298] [308] e o(008] [198] [208] [308] [
90[099] [199] (2%} [399] | e 90[009] [199) (298] [3%9] |e

I T I
memory system controller 1221 memory system controller 1221

 ABCDE ABCDE
00j0]1]213]e 00j0[112]3]e

1241 ool T2 151e 1241 otfol1]213]e
0o} 1]2]3]e 0301112[3e 02jol112]3]e
03]0{1]2]3]e 03j0[1]2]3]e

1223 04[0]1]2]3]e 1223¢ 40 112]3] e
9%]0{1]213]e 08]0[1]213]e
Sel0lt]2]3]e CNnARE

Figure Figure
W““ 12A 128



U.S. Patent Mar. 8, 2016 Sheet 17 of 26 US 9,280,464 B2

A B C oD E A B C D E
ofor o] [ o] e ] olor [ [l o] [}
oo fiof] o] o] [e] oot fiof] o] o] [
ootz 2] 0 2] ] oo [ ] 2] [
oo f1g] 16 10] [e ] oot [ ] 1] [
8 e

04j004] [104] [204] f304 04(004) [104] [204] (304

IcDI.-

(098] [198] [208] [308 9[008] [198] [208] [308

298 ¢ |

sojoog 18] [29] 299 | | soioog [199] 2] (s8] [ e

memory system controller 1221 memory system controller 1221
ABCDE ABCDE
o oofoj1]213fe " ‘o[ [2]3]e
otfo[1]2]3]e 01f0]112]3]e
osol1[2[3le]  [odfol1T2]3]e o0{41213le]  |ojoTt1203]e
& EARE %m 2131e]  [osfo[1]2[3]e
1223¢ 04f0[1]2[3]e 1223{ 4)0]1]2]3]e
sfo[1]2]3]e 9f0111213]e
L0/ 12]3]e 9001112]3]e

Figure Figure
W‘”’ 12C 12D



U.S. Patent

A B

A B C D
ofos] 0] 2] 30
otoor] o] o] s
v 2] (2] [
0303 105 2] 30
04(004] (104 204] 304

900%] 166 256 o0

Mar. 8, 2016

--ICD I(‘D I(D ICD I(D !Ill

s0%] 1] 2] ] [e-
memory system controller 1224
ABCDE
00jo]1{2]3]e
1241 ofol1]2[3]e
01101112]3]e olol 11213 e
030{112]3]¢ 0310{1(2(31e
1223 oo 1]2]3]e
9810{1]2]3
99101112131e
Figure
WW} @W“O” IgZE

Sheet 18 of 26

00
01
02
03
04
9
9%

A
00
o1
02
03

004

T

099

:

US

9,280,464 B2

D

100} 1200

300

101} {201

102 1202

301

302

203

303 |1

e
104) 204

) Le

198] 1298

8 [e]

199} 1299

399

H

A
\

/Y

memory system controller 1221

1241

0}1

2

Jle

0}1

213

12234

0310

9810

99{0




U.S. Patent Mar. 8, 2016

A
00/000]
01001
02002
03003
04[004

| oo

3]
] [
] ]
m W
) 0
]

N
Looen. 3 I conw )
RIS

m—— —

EIE I onve 35 I ¢+ B QL conn ]

e =)
——
CaIC b < (T
Tad

'.Iml

l CD I ’

EIR

o0 108 28] 3%
90/099| 199] 299] 399

it

| o

01011]2]3]e] |0

memory system controlier 1221

ABCDE

oofo]1]2[3]e
1241 oG

mm

112138
011121318

203]e olole|2]3]]
123 oo 1123 e

98j01112{3]e
9910

-
[ ]
L)

Figure
30} bw (399) 12 G

Sheet 19 of 26 US 9,280,464 B2
A B C D B
00000 100} 2001 300 | e
01001 101} 01 e} 301
opue oo 200l a0 e
03008 e | 203 305 103
oo 10} 204 4] [ e
ol ] ] ][]
solose] 9] 298] 399 | e
memory system controlier 1221
ABCDE
" oofol1{2]3le
s0rol1]2]els
9l011]2(8el " oalol1]2[3]e
o t]2eld]” |osfole[2[3["
1223 04001 1]2]3]e
9801112(3]e
oof0l112]3]e
Figure



U.S. Patent Mar. 8, 2016 Sheet 20 of 26 US 9,280,464 B2

A B C D EF A B C D EF
0000} 100] 200 B0 e | e | oojoo] too] 00} 0| [ || e
orfpor] ot} foe) o) e e otfot] ot} [e | jor] e |e]
oy 100 o) 32l e e oz 00 2] el e e
0aue| 02} 08| 308 [ ||| aooue| 08| 20g] 303 [e e
oo [0 o o [e ][] oood] [0 [e] o] [e][e
cooe] 198 [sa] el e || sgose] 198 2] oog] [e] e
soloo] 00| o] se| [e | [ sofo9] [99] (90| o] [e ][
PEE R ' T
memory system controller 1321 / memory system controlier 1321
1341 ABCDEF 1341 ABCDEF
D:D:Dj000123ee 01}0|1|e|386|000123ee
D:I:D]:l010123ee ] l’01016369
021011123 eje 021011]2]3e|e
0310{112[3eje 031011123 e|e
0 9401?3ee " 0410{1{e|3]e|e
BRI a4[0[1]e[3]e]e
| a8[0]1]2[3 el %8 |0]1]2]3]e
9910111213 99}011{2|3lele

1
1
4
&imw(Zoﬂkijw(?O‘@) 1343

Figure 13A Figure 13B



U.S. Patent Mar. 8, 2016 Sheet 21 of 26 US 9,280,464 B2

A B C D EF A B C D EF
00000 1100} 1200) 1300} |e||e | 001000} |10, |200; 1300 | e e
01001) 1101} 1 e | 1301 {e||e] 011001 101, [ e} 301 (e |e
02/002) 102} 1202) 13021 |e||e] 021002} | e | [202) 302) |e||e
03003| 1103} 203 1303} |e||e 03,003} (103, 203 |e | |e||e
041004 1104] 1 e | 304 [eie 04{004) (104 | e | 1304 |e|e
98098 198 298] (3%} |e|le 981098) |198; 1298} 1398 e ||e
991099) 1199| 209 1399} (e ||e 991099 199 |209) 1399 | e ||e
BN 0 O O M
memory system controller 1321 / memory system controller 1321
1341 ABCDEF ” ABCDEF
0101639600012399 Q0101112(3]e]e
o1f0]1]el3lele 020]ej2]3]elel o1(0]1]e|3]e]e
0210]1112]3]eje 010]11e[3leie] 02[0]e|2|3]ele
0310[1{2{3]e]e 0310{1{2]elele
0410[11e|3]e]e 4(0}1(e]3lele
1342 _ : 132 ’
O401e3ee|: ! 03012939
98012399 04019399980 2131e
99101112]3]ele 99101112(31e

1
1
/
@uozwaos) s

Figure 13C Figure 13D



U.S. Patent

Mar. 8, 2016
A ¢ D E F
001000 2000 1300| |eile
011001 g | 1301 |efle
02|002 2020 1302 |e|le
03)003 203| | e elle
041004 el 1304 efle
081098 298| 1398 | & ||¢e
991099 299 1399 |e||e
F 3 L
Y :r t t :r /
memory System controller 1321 /
0 ABCDEF
ODE[Z[ETele ot it
01101 e020e23ee
03 0]1]21elele
o4 0111e{3lele
03{0] el ]
0401 ¢| BITTT2
99 o112

00
01
02
03
04
98
%

Sheet 22 of 26

A

US 9,280,464 B2

D

000

200

300

001

201

301

002

202

302

003

203

B <D <D <D §ITH

e

004

-lep <D o <D D ™

304) (204

098

298

308 | e

039

199

299

e
399 |e||e

A
4

:

'}
Y

A t 4
A ¥

W<2mj W(204} QMWUOS)@WOU

Figure 13E

03

memory system controller 1321

134

03,0

020

ABCDEF
0010111213 ele
01

03
04

0lei2{3lele
0210(e|2{3|ele
OleiZ{elele
0111e]3|2]e

9810
9910

1
1
/4

1323

Figure 13F



U.S. Patent Mar. 8, 2016 Sheet 23 of 26 US 9,280,464 B2

A B C D E A B C D e
00,011000,001100,101/200,201{300,301, e 00,01000,0011100,1011200,201{300,301| e
02,03}002,003102,103)202,203|302,303| e 02,03]002,003{102,103{202,203{302,303| e
04,05/004,005/104,105204,205/304,305| e 04,05/004,005{104,105f & |304305| e
06,07}006,007)106,107/206,207|306,307| e 06,071006,007{106,1071206,207306,307| e
(8,091008,009]108,109/208,209/308,309 e 08,091008,009108,109:208,209[308 309 e
96,97/096,097196,197,296,2971396,397, e 96,971096,0971196,1971206,297|396,397| e
98,991096,099/198,199/298,299/398,399 e 98,99(098,099{196,199:298,200(398,399] e

A I 4 A 4 A A A ) [\

y Y \ y y Y ) 4 Y \ A

memory system controller 1421 memory system controller 1421

ABCDE ABCDE
1441 00.01foT172]3]e 1441 000tfol 1121316
02,03{0111213 e 0t]e3]e||204205 020310{112/3e
04,05{0111213 e 040501 1]e|31e
06’0701239 06,0701236
08,09-0 1{2]3]e 08,090 112{3]e
96.971011{2{3]e 9%9710{1]12{3|e
089010111213 e 98000111213 1e

A A

I I

4

1423 1423
Rin{204)

Figure 14A Figure 14B



U.S. Patent Mar. 8, 2016 Sheet 24 of 26 US 9,280,464 B2

A B G D e A B ¢ D )
00,01/000,0011100,101/200,201(300,301f e 00,011000,001{100,101{200,201(300,301} e
02,031002,0031102,103|1202,203(302,3031 e 02,03(002,0031102,103{202 203|1302,303] &
04,05/004,005{104,105, e [304,305f e 04,05(004,005/104,105f e |304,305{ e
06,071006,0071106,107|206,207(306,307t e 06,07)006,007{106,107206,207|306,307} e
08,09/008,0091108,109/208,209(308,309f e 08,09(008,008) e {208209|308,309f e
96,971096,097(196,197,296,297|396,397f ¢ 96,97096,0971196,197296,297|396,397} ¢
98,991098,099{198,199/298,299/398,399f e 98,99/008,099/198,1991298,299|398,399]

F A A 4 F A 'y A A F )

Y \ Y \i \ 4 \i \i vy \ 4 \

memory system controller 1421 memory system controller 1421

ABCDE ABCDE
1444 00010]112(3|e 1444 000101112{31e
0]1]e[3]e]204.205 mmglzge 0]e[2]3]e] (108,109 MW31223
04051 1ie1ole 0[1]e[3]el[204205 0409 1810 €
08,0901?36 08,009238
99710111213 99700111213 1e
98990111213 e 989901 112]3]¢

A A

|
1423 1423
Run{108)

Figure 14C Figure 14D



U.S. Patent Mar. 8, 2016

Sheet 25 of 26 US 9,280,464 B2

A B C D 8 A B C D )
00,011000,001{100,101/200,201|1300,301} e 00,011000,0011100,1011200,201{300,301] &
02,031002,0031102,103|202,203302,303] ¢ 02,03002,0031102,103{202,203(302. 303 e
04,05/004,005/104,105; & |304,305| e 04,05/004,005/104,105f e  |304,305{204,205
06,071006,007{106,107|206,207|306,307| e 06,07]006,0071106,1071206,207|306,307, ¢
08,001008,009) e |208,209/308,309] e 08,091008,009) e {208,209308.309] &
96,971096,0071196,1971296,297|396,397| e 96,971096,007196,1971 e [396.397| e
068,99008,099/198,199/298 299/398,399] e 98,991098,0991198,1991298,299(398,399] &

A A 4 J A A A 'y A A

Yy A ¥ \ A Y A Y \d \

memory system controller 1421 memory system controller 1421
ABCDE ABCDE
1441 00010[11213]e 1441 00010(112]3]e
0le[2]3]e] 108,100 02»038 1 229 0]1Te]3]e] 206207 02»038 2 23;

0l1]el3]e] (204205 0408 1E191E 0le]2[3]e]108100 04051116
%w01238 %w01239
0&OQOeZSe 08mOeZBe
969700111213 1e 96971011 1el31e
osgolll1i2]3e 98990111213 e

! !

|
1423
vv(zoﬁ @Azen

Figure 14E

1423

Figure 14F



U.S. Patent Mar. 8, 2016 Sheet 26 of 26 US 9,280,464 B2

A B C D
001000,100{200,300|400,500}600,700
01}001,101202,3011401,501601,701
021002,102{202,302 402,502{602,702
03}003,103}203,303]403,503]603,703
041004,1041204,304 404,504,604, 704

D (<D <D (<D (<D | ITY

981098,198/298,3981498,5981698,798
991098,1991299,399|499,599/699,799

A A A A
\d i \ Y

memory system controller 1521

ABCODE
00]0,1]23]45(67] e
1123145(67] e
1123145671 e
1 e
1 e

> <D

Py

-l

23145167
23145167

98{0,112,3145(6,7 e
99101123145167] e

A
l

1523

Figure 15



US 9,280,464 B2

1
SYSTEM AND METHOD FOR
SIMULTANEOUSLY STORING AND
READING DATA FROM A MEMORY SYSTEM

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/487,083, filed Sep. 15, 2014, which in turn is
acontinuation of U.S. patent application Ser. No. 13/865,997,
filed Apr. 18, 2013, now U.S. Pat. No. 8,838,934, which in
turn is a continuation of U.S. patent application Ser. No.
12/584,645, filed Sep. 8, 2009, now U.S. Pat. No. 8,433,880,
which in turn claims the benefit of U.S. Provisional Applica-
tion No. 61/161,025, filed Mar. 17, 2009. The entirety of each
of these applications is incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to the field of digital com-
puter systems. In particular, but not by way of limitation, the
present invention discloses techniques for quickly servicing
access requests made to digital memory systems.

BACKGROUND

A computer system is a machine that manipulates data
according to alist of computer instructions. A list of computer
instructions created to solve a particular problem is generally
referred to as a computer program. In general, a computer
system sequentially processes the individual instructions that
may access, manipulate, and store data. A type of computer
instruction known as a ‘branch instruction’ allows the flow of
the computer program to vary depending on the input data.

A general purpose computer system has four main sec-
tions: a control unit, an arithmetic and logic unit (ALU), a
memory system, and some type of input and output system.
The control unit is responsible for the overall operation of
fetching computer instructions from the memory system and
executing those computer instructions. The arithmetic and
logic unit generally consists of a set of computer registers that
contain data and may be combined and compared in various
manners according to the specific computer instructions. The
results of comparisons may direct the control unit on which
computer instructions should be executed next.

The input and output system provides the computer system
with a means of interacting with the outside world.

In most modern computer systems, the control unit, the
arithmetic and logic unit (ALU), and a small subset of a
memory system are combined into a single entity known as a
central processing unit (CPU). Central processing units are
generally implemented on a single integrated circuit in order
to optimize the processing speed, the rate at which the com-
puter system can execute instructions, of the computer sys-
tem.

The small subset of a memory system that is often imple-
mented on the same integrated circuit die allows the control
unit and ALU to access the data in that small subset of
memory very quickly since that subset of the memory system
is generally implemented with a high-speed memory design
(generally static random access memory devices also known
as SRAM) and is physically close to the control unit and AL U.
This small subset of the memory system is generally referred
to as an ‘On-chip cache memory system’. However, since
modem operating systems and application programs are gen-
erally very large, the vast majority of a memory system (the
main memory system) is generally implemented on separate
memory integrated circuits that are coupled to the processor.
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The main memory system for a modern computer system
on separate integrated circuits is generally implemented with
a different memory circuit implementation that provides
much higher memory density (more memory bits stored per
integrated circuit layout area) than the on-chip cache
memory. For example, dynamic random access memory
devices (DRAM) are generally used to construct main
memory systems. These DRAM devices are generally not as
fast as the SRAM devices used within on-chip cache memory.
Furthermore, simply accessing separate memory integrated
circuits not on the same integrated circuit is generally slower
than accessing on-chip cache memory since the communica-
tion across a much longer conductor to the external memory
device cannot operate at the same high frequency as the CPU
core. Thus, when a CPU needs to access data from off-chip
main memory system, the CPU may be forced to stall or
operate at a rate slower than the potential maximum operating
rate of the CPU.

The speed at which central processing units (CPUs) oper-
ate have been continually increasing. Specifically, decreasing
the size of the semiconductor transistors and decreasing the
operating voltages of these transistors has allowed processor
clocks to run at faster rates. However, the performance of
external memory systems that provide data to these faster
processors have not kept pace with the increasingly faster
CPUs. Various techniques such as larger on-chip cache
memories, greater parallelism, and larger off-chip cache
memories have helped mitigate this issue. However, there are
still many occasions when a CPU is not achieving its full
potential due to external main memory systems that cannot
respond to memory requests from the CPU as fast as the CPU
can issue these memory requests. Thus, without sufficiently
fast memory systems, a very high-speed CPU will be starved
of instructions and data to process and thus forced to stall
while waiting for data from the main memory system. Thus,
it is desirable to improve the speed of memory systems such
that memory systems can handle memory read and write
operations as fast as possible.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals describe substantially similar components
throughout the several views. Like numerals having different
letter suffixes represent different instances of substantially
similar components. The drawings illustrate generally, by
way of example, but not by way of limitation, various
embodiments discussed in the present document.

FIG. 1 illustrates a diagrammatic representation of
machine in the example form of a computer system within
which a set of instructions, for causing the machine to per-
form any one or more of the methodologies discussed herein,
may be executed.

FIG. 2 illustrates a conceptual diagram of a traditional
virtual memory system that creates the appearance of a larger
main memory system than is actually available.

FIG. 3A illustrates an interleaved memory system.

FIG. 3B illustrates a timing diagram illustrating the use of
the interleaved memory system of FIG. 3A.

FIG. 4A illustrates a memory system having multiple inde-
pendent memory banks

FIG. 4B illustrates a timing diagram illustrating the use of
the multiple bank memory system of FIG. 4A.

FIG. 5 illustrates a conceptual diagram of a virtualized
memory system that uses additional physical memory to
make a smaller virtualized memory space provide better per-
formance.
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FIG. 6 illustrates a block diagram of one implementation of
a virtualized memory system.

FIG. 7A illustrates an initial starting state for a virtualized
memory system receiving simultaneous read and write opera-
tions.

FIG. 7B illustrates the state of the virtualized memory
system of FIG. 7A after processing the read and write opera-
tions.

FIG. 7C illustrates the virtualized memory system of FIG.
7B receiving another set of simultaneous read and write
operations.

FIG. 7D illustrates the state of the virtualized memory
system of FIG. 7C after processing the read and write opera-
tions.

FIG. 8 illustrates another block diagram of an implemen-
tation of a virtualized memory system that stores more than
one element in each memory row.

FIG. 9A illustrates an initial starting state of a virtualized
memory system receiving simultaneous read, write, and write
operations.

FIG. 9B illustrates the state of the virtualized memory
system of FIG. 9A after processing the read, write, and write
operations.

FIG. 9C illustrates the virtualized memory system of FIG.
9B receiving another set of simultaneous read, write, and
write operations.

FIG. 9D illustrates the state of the virtualized memory
system of FIG. 9C after processing the read, write, and write
operations.

FIG. 10A illustrates an initial starting state of a virtualized
memory system receiving simultaneous write and destructive
read operations.

FIG. 10B illustrates the state of the virtualized memory
system of FIG. 10A after processing the initial starting state
of a virtualized memory system receiving simultaneous
operations.

FIG.10C illustrates the virtualized memory system of F1G.
10B receiving another set of simultaneous initial starting state
of a virtualized memory system receiving simultaneous
operations.

FIG. 10D illustrates the state of the virtualized memory
system of FIG. 10C after processing the initial starting state of
a virtualized memory system receiving simultaneous opera-
tions.

FIG. 11 A illustrates a virtualized memory system that can
perform two read operations and one write operation simul-
taneously using fast destructive read operations.

FIG. 11B illustrates the state of the virtualized memory
system of FIG. 11A after performing the two destructive read
operations and a single write operation.

FIG. 11C illustrates the virtualized memory system of F1G.
11B receiving two additional destructive read operations and
a write operation.

FIG. 11D illustrates the state of the virtualized memory
system of FIG. 11C after performing the two destructive read
operations and the single write operation.

FIG. 12A illustrates an initial starting state of a virtualized
memory system receiving simultaneous write and read opera-
tions wherein write-backs are optimized.

FIG. 12B illustrates the state of the virtualized memory
system of FIG. 12 A after processing a read operation that may
be followed by a write-back operation.

FIG.12C illustrates the virtualized memory system of FIG.
12B receiving another read operation that may be followed by
a write-back operation.

FIG. 12D illustrates the state of the virtualized memory
system of FIG. 12C after processing the read operation.
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FIG. 12E illustrates the virtualized memory system of F1G.
12D receiving a write-back from the read operation in FIG.
12A along with another read operation that may be followed
by a write-back operation.

FIG. 12F illustrates the state of the virtualized memory
system of FIG. 12E after processing the write-back operation
and the read operation.

FIG. 12G illustrates the virtualized memory system of F1G.
12F receiving a write-back from the read operation in FIG.
12C along with another read operation that may be followed
by a write-back operation.

FIG. 12H illustrates the state of the virtualized memory
system of FIG. 12G after processing the write-back operation
and the read operation.

FIG. 13A illustrates an initial starting state of a virtualized
memory system that can handle two read/modify/write opera-
tions simultaneously by using fast destructive read opera-
tions.

FIG. 13B illustrates the state of the virtualized memory
system of FIG. 13A after handing the initial read of the two
read/modify/write operations.

FIG. 13C illustrates the virtualized memory system of F1G.
13B receiving two additional read/modify/write operations.

FIG. 13D illustrates the state of the virtualized memory
system of FIG. 13C after handing the initial read of the two
read/modify/write operations of FIG. 13C.

FIG. 13E illustrates the virtualized memory system of F1G.
13D receiving two additional read/modify/write operations
and two write operations associated with the read/modify/
write operations of FIG. 13A.

FIG. 13F illustrates the state of the virtualized memory
system of FIG. 13E after handing the initial read of the two
read portions of read/modify/write operations and two write-
back operations of FIG. 13E.

FIG. 14A illustrates an initial starting state of a virtualized
memory system that groups together individual data elements
that will be handled as a group although individually addres-
sable.

FIG. 14B illustrates the state of the virtualized memory
system of FIG. 14A after handing the initial read of a read/
modify/write operation.

FIG. 14C illustrates the virtualized memory system of F1G.
14B receiving another initial read of a read/modify/write
operation.

FIG. 14D illustrates the state of the virtualized memory
system of FIG. 14C after handing the read of a read/modify/
write operation from FIG. 14C.

FIG. 14E illustrates the virtualized memory system of F1G.
14D receiving another initial read of a read/modify/write
operation and a write-back associated with the read operation
of FIG. 14A.

FIG. 14F illustrates the state of the virtualized memory
system of FIG. 14E after handing the read of a read/modify/
write operation and the write-back from FIG. 14E.

FIG. 15 illustrates a virtualized memory system that groups
together individual data elements that will be handled as a
group by indicating more than one set of most significant bits
in the virtualized memory table.

DETAILED DESCRIPTION

The following detailed description includes references to
the accompanying drawings, which form a part of the detailed
description. The drawings show illustrations in accordance
with example embodiments. These embodiments, which are
also referred to herein as “examples,” are described in enough
detail to enable those skilled in the art to practice the inven-
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tion. It will be apparent to one skilled in the art that specific
details in the example embodiments are not required in order
to practice the present invention. For example, although some
of the example embodiments are disclosed with reference to
computer processing systems used for packet-switched net-
works, the teachings can be used in many other environments.
Thus, any digital system that uses digital memory can benefit
from the teachings of the present disclosure. The example
embodiments may be combined, other embodiments may be
utilized, or structural, logical and electrical changes may be
made without departing from the scope of what is claimed.
The following detailed description is, therefore, not to be
taken in a limiting sense, and the scope is defined by the
appended claims and their equivalents.

In this document, the terms “a” or “an” are used, as is
common in patent documents, to include one or more than
one. In this document, the term “or” is used to refer to a
nonexclusive or, such that “A or B” includes “A but not B,” “B
but not A,” and “A and B,” unless otherwise indicated. Fur-
thermore, all publications, patents, and patent documents
referred to in this document are incorporated by reference
herein in their entirety, as though individually incorporated
by reference. In the event of inconsistent usages between this
document and those documents so incorporated by reference,
the usage in the incorporated reference(s) should be consid-
ered supplementary to that of this document; for irreconcil-
able inconsistencies, the usage in this document controls.

Computer Systems

The present disclosure concerns digital computer systems.
FIG. 1 illustrates a diagrammatic representation of a machine
in the example form of a computer system 100 that may be
used to implement portions of the present disclosure. Within
computer system 100 of FIG. 1, there are a set of instructions
124 that may be executed for causing the machine to perform
any one or more of the methodologies discussed within this
document.

In a networked deployment, the machine of FIG. 1 may
operate in the capacity of a server machine or a client machine
in a client-server network environment, or as a peer machine
in a peer-to-peer (or distributed) network environment. The
machine may be a personal computer (PC), a tablet PC, a
set-top box (STB), a Personal Digital Assistant (PDA), a
cellular telephone, a web appliance, a network server, a net-
work router, a network switch, a network bridge, or any
machine capable of executing a set of computer instructions
(sequential or otherwise) that specify actions to be taken by
that machine. Furthermore, while only a single machine is
illustrated, the term “machine” shall also be taken to include
any collection of machines that individually or jointly execute
a set (or multiple sets) of instructions to perform any one or
more of the methodologies discussed herein.

The example computer system 100 of FIG. 1 includes a
processor 102 (e.g., a central processing unit (CPU), a graph-
ics processing unit (GPU) or both) and a main memory 104
and a static memory 106, which communicate with each other
via a bus 108. The computer system 100 may further include
avideo display adapter 110 that drives a video display system
115 such as a Liquid Crystal Display (LCD) or a Cathode Ray
Tube (CRT). The computer system 100 also includes an
alphanumeric input device 112 (e.g., a keyboard), a cursor
control device 114 (e.g., a mouse or trackball), a disk drive
unit 116, a signal generation device 118 (e.g., a speaker) and
anetwork interface device 120. Note that not all of these parts
illustrated in FIG. 1 will be present in all embodiments. For
example, a computer server system may not have a video
display adapter 110 or video display system 115 if that server
is controlled through the network interface device 120.
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The disk drive unit 116 includes a machine-readable
medium 122 on which is stored one or more sets of computer
instructions and data structures (e.g., instructions 124 also
known as ‘software’) embodying or utilized by any one or
more of the methodologies or functions described herein. The
instructions 124 may also reside, completely or at least par-
tially, within the main memory 104 and/or within a cache
memory 103 associated with the processor 102. The main
memory 104 and the cache memory 103 associated with the
processor 102 also constitute machine-readable media.

The instructions 124 may further be transmitted or received
over acomputer network 126 viathe network interface device
120. Such transmissions may occur utilizing any one of a
number of well-known transfer protocols such as the well
known File Transport Protocol (FTP).

While the machine-readable medium 122 is shown in an
example embodiment to be a single medium, the term
“machine-readable medium” should be taken to include a
single medium or multiple media (e.g., a centralized or dis-
tributed database, and/or associated caches and servers) that
store the one or more sets of instructions. The term “machine-
readable medium” shall also be taken to include any medium
that is capable of storing, encoding or carrying a set of instruc-
tions for execution by the machine and that cause the machine
to perform any one or more of the methodologies described
herein, or that is capable of storing, encoding or carrying data
structures utilized by or associated with such a set of instruc-
tions. The term “machine-readable medium” shall accord-
ingly be taken to include, but not be limited to, solid-state
memories, optical media, and magnetic media.

For the purposes of this specification, the term “module”
includes an identifiable portion of code, computational or
executable instructions, data, or computational object to
achieve a particular function, operation, processing, or pro-
cedure. A module need not be implemented in software; a
module may be implemented in software, hardware/circuitry,
or a combination of software and hardware.

Traditional Virtual Memory

Referring to the example computer system 100 of FIG. 1,
the processor 102 executes instructions 124 that are generally
fetched from main memory 104 or fetched from an on-chip
cache memory 103 within the processor 102 itself. However,
the desire to create larger computer programs and handle ever
larger data sets created difficulties for computer programmers
since the computer programmers would eventually nm out of
available memory space in the main memory 104. To handle
the problem of limited amounts of main memory, the concept
of virtual memory was created.

With virtual memory, a very large address space of ‘virtual
memory’is provided to a computer programmer to work with.
However, in reality, the computer system with virtual
memory does not actually contain as much physical semicon-
ductor memory that would be needed to represent the entire
virtual memory address space. Instead, just a subset of the
virtual address space is actually available within a physical
semiconductor memory of the computer system. The rest of
the virtual memory space is stored elsewhere. A conceptual
illustration of virtual memory system 220 is presented in FIG.
2.

Referring to FIG. 2, the virtual memory system 220
includes a large virtual memory address space 225 that rep-
resents all of the available virtual memory for a computer
programmer to use. The processor 210 accesses the data in the
large virtual memory address space 225 through a virtual
memory system controller 221 that is responsible for han-
dling all accesses to the virtual memory system. (Note that the
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processor 210 may also include an on-chip cache memory
202 which represents a duplication of a small subset of the
available memory.)

With a virtual memory system 220, only a currently needed
subset of instructions and data from a large virtual address
space 225 is actually physically represented within a real
physical main memory 204 of the computer system. The
virtual memory controller 221 is responsible for translating
virtual memory addresses into physical memory addresses
with in the physical main memory 204. This physical main
memory 204 is typically implemented with semiconductor
memory devices such as dynamic random access memory
devices.

All of the other computer instructions and data that have
been loaded into the virtual memory address space 225 but are
not represented in the physical main memory 204 are stored in
a long term storage system 216. In a typical personal com-
puter system, this long term storage is typically provided by
hard disk drive unit 116 as depicted in FIG. 1. (Although some
systems are now using flash memory as long term storage.)
Note that virtual address space 225 may be larger than the
portion long term storage system 216 currently allocated for
use with the virtual memory system 220 since the processor
210 may have not accessed certain parts of the virtual
memory address space and thus the state of the region of
virtual memory that has not been accessed is undefined. How-
ever, when the processor 210 accesses those previously
untouched portions of the virtual address space then the vir-
tual memory system 221 will allocate additional long term
storage space 216 from the long term memory system to
handle those newly accessed areas of the virtual memory
address space 225. Many virtual memory systems allocate a
region of long term storage equal to the entire size of the
virtual memory address space to ensure that sufficient long
term storage will always be available to the virtual memory
system 220.

The virtual memory system controller 221 is responsible
for ensuring that currently needed instructions and data from
the virtual memory address space 225 are loaded into the
physical main memory 204. If a needed section of virtual
memory address space 225 is not currently represented in the
physical main memory 204 then the virtual memory system
controller 221 reads that section of virtual memory address
space from the long term storage system 216 and brings it into
the real main memory 204. In order to make space for the new
section of virtual address space needed, the virtual memory
system controller 221 will move a section of instructions and
data currently in the real main memory 204 out to the long
term storage 216. This is often referred to as ‘swapping’.
Numerous algorithms exist to help determine which particu-
lar section of memory will be least likely to be accessed soon
in order to reduce the number of swaps that must be per-
formed.

As set forth above, the concept of virtual memory allows a
small amount of real physical main memory 204 to represent
amuch larger amount virtual memory address space 225 with
the help of additional storage space allocated from long term
storage 216. However, this ability to represent a much larger
virtual address space than the actual physical address space
available comes at a cost. Specifically, the average perfor-
mance of the overall memory system will be slower since data
in the slower long term storage system 216 must be accessed
when a needed section of the virtual memory address space
225 is not currently represented in the main memory 204.

High-Speed Memory Techniques

For some demanding applications, the use of long term
storage is not a viable option due to high-bandwidth memory
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needs. For example, in a high-speed network device such as a
network router, the network router must rapidly store incom-
ing data packets from a first communication link into a
memory. The router must later read the stored data packets
back from memory for transmission on another communica-
tion link. This must all be performed at a very high speed in
order to keep the communication links filled with data. Thus,
a virtual memory system cannot be used in such an applica-
tion.

Thus for certain applications, such as the packet routing
application described above, a fast memory response is
needed for every memory location used to store data. For
these applications requiring consistent fast memory perfor-
mance, the entire memory system may be constructed with
real physical memory devices. In this manner, every memory
location will be able to store and recall data at the full speed
of'the integrated circuit devices used to construct the memory
system.

However, even with an entire computer memory system
constructed using physical semiconductor memories, the
memory system may still not provide the desired memory
performance for some very demanding applications. The very
high speed of modem processors and digital communication
links has caused memory systems to become the performance
bottleneck that is limiting overall computer system perfor-
mance increases. New techniques are needed to satisfy the
extremely high memory performance requirements of certain
computer applications.

Referring to FIG. 2, one obvious solution would be to
greatly increase the size of the on-chip cache memory 202
implemented within a processor 210. If all of the high-speed
memory needs for a particular application can be satisfied by
the limited address space within on-chip cache memory 202
then this technique can be used. However, this is not a com-
pletely satisfactory solution for many different reasons. A
computer processor with a very large on-chip cache memory
202 will require a large integrated circuit die size such that
processor yields (the percent of fully-operable integrated cir-
cuits from a batch of integrated circuits made) will go down.
Furthermore, with less integrated circuit die area for the pro-
cessor circuitry, the processor circuitry cannot be made too
complex. Due to its limitations, a computer processor con-
structed with a very large cache memory system would be
niche product and thus expensive since a large market will not
exist for that processor. However, the biggest problem with
this solution is that many applications will simply require a
much larger memory address space than can be implemented
with an on-chip cache memory 202. Thus, new techniques for
improving the performance of main memory systems are
required.

Page-Mode Operation

With many semiconductor memory circuit designs there
tends to be certain types of memory access patterns or modes
of operation that allow the semiconductor memory device to
respond faster or slower. Taking advantage of these special
situations can improve the overall performance of a memory
system constructed with these devices.

For example, with dynamic random access memory
(DRAM) devices the individual memory cells are typically
arranged in a two-dimensional matrix of rows and columns.
When a processor reads from a particular random memory
location in the DRAM device, the entire row of memory cells
in which that particular memory location resides within is
read out of the two-dimensional memory matrix and placed
into a buffer. If the next memory location needed by the
processor resides within that same row of that same memory
device, then a special fast type of memory request can be
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made to that DRAM device such that the DRAM will respond
very quickly with that data since the data is already available
in buffer within the DRAM device. This type of memory
operation wherein memory locations located in the same row
of the memory matrix is known as “page-mode” operation.

The page-mode operation of DRAMs can be used to
improve the overall performance of a memory system. How-
ever, the memory systems require some type of memory
control system that is designed to take advantage of page-
mode operation in order to realize the speed gains from page-
mode operation. One method of taking advantage of page-
mode operation is to have the memory controller determine if
a successive memory request is to the same row just accessed
within a particular DRAM device. If the processor makes a
successive memory request to a memory address in the same
memory row of a DRAM that was just accessed then the
memory controller will issue the special fast type of memory
request for that data within the same row.

Another similar type of system of taking advantage of
DRAM page-mode operation is to implement a distributed
cache system within the DRAM devices. For example, U.S.
Pat. No. 4,715,945 issued to Kronstadt, et al discloses “Dis-
tributed Cache in Dynamic RAMs”. The system of the Kro-
nstadt, et al reference discloses a memory system with a
distributed cache. The memory system is organized into vari-
ous memory banks wherein each memory bank has a cache
that contains the contents ofthe most recent memory row read
from the DRAM s in that memory bank. When a memory bank
is read from, the memory controller determines if the memory
request is to the same row that is within the cached row for that
memory bank. If the memory request is address to the row in
the cache then a cache ‘hit’ has occurred and the memory
request can be satisfied quickly using the data in that cache. If
the memory request is not to the same row then a cache ‘miss’
occurs and the data must be accessed from the memory matrix
in the DRAM. When this access occurs, the entire row from
that memory access will be placed into the cache row for that
memory bank.

The distributed cache of the Kronstadt, et al reference
improves the average memory access time dueto an improved
response time when cache hits occur. However, it only pro-
vides the advantage of adding a small cache memory to the
main memory system wherein the memory controller has no
control over cache replacement system. Furthermore, there is
no guarantee that any particular random memory request will
be faster than a normal DRAM memory system. Thus for
applications that require a fast response time for every
memory address location, the system of the Kronstadt, et al
reference will not suffice.

Interleaved Memory Banks

Another property of memory devices is that when a first
memory request is made to a memory device then that
memory device will respond quickly. However, if an imme-
diate subsequent memory request is made to any memory
address within that same memory device, the memory device
will not be able to respond as fast as it was able to respond to
the first memory request. The reason for this is that, internally,
the memory must perform some type of maintenance action
to complete the memory access cycle. For example, with
DRAMSs, the DRAM memory device must perform a refresh
to the memory row that was read out of the memory matrix
before responding to the subsequent memory request.

Memory systems can take advantage of the fact that
memory devices respond with data before completing a full
memory cycle by organizing the memory address space into
various independent memory banks wherein each memory
bank is constructed from different memory devices. Then,
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these memory banks are interleaved in a manner that will
cause most sequential memory banks to access a different
memory bank. In this manner, the system will enjoy the fast
memory response of an initial memory access for most
memory accesses. As long as the time to complete the refresh
of the memory before being ready for a subsequent access is
less than the response time for data after initiating a read
cycle, each memory bank will be ready to respond to every
other memory request with a fast response time.

FIG. 3A illustrates an example of a simple two-way inter-
leaved memory system. In the two-way interleaved memory
of FIG. 3A there are two memory banks: Bank 0 and Bank 1.
The two memory banks are independent such that when bank
0 is currently busy completing a memory operation then bank
1 will be immediately available to respond quickly to a
memory access. (Similarly, when bank 1 is currently busy
completing a memory operation then bank 0 is will be avail-
able.) The addressing scheme for the memory system is inter-
leaved such that every sequential address is in the other
memory bank. Thus, as illustrated in FIG. 3A, address 0 is in
bank 0, address 1 is in bank 1, address 2 is in bank 0, address
3 is in bank 1, and so on.

When a computer program executes, the processor in the
computer system generally needs to read in computer instruc-
tions that are organized sequentially in memory. Thus, when
sequentially reading the memory addresses from the memory
system of FIG. 3A each sequential access will be from other
memory bank. First address 0 in bank zero is read, then
address 1 in bank 1 is read, then address 2 in bank 0 is read,
and so on. Since the memory banks are independent, the
accesses to a different memory bank may occur while another
memory bank is still busy completing a previous memory
access operation. Thus, the memory accesses can be stag-
gered as illustrated in FIG. 3B to improve the performance of
the memory system.

Referring to FIG. 3B, the processor may first request
address 0 at time 331. Bank 0 will respond with the data from
address 0 at the time 332. However, at time 332 Bank 0 cannot
immediately accept another memory request since Bank 0
must perform some internal action (such as a memory
refresh). However, since the next sequential memory access is
to address 1 within memory bank 1 which is not busy, the
request to address 1 can be issued immediately at time 361.
While bank 1 is responding to the memory request to address
1, bank 0 is finishing the internal operations needed after the
access to address 0. When bank 1 responds with the data from
address 1 at time 351 then bank 0 will be ready for another
memory request at time 333. Therefore, the processor can
issue a memory access request to address 2 at time 333. Thus,
an interleaved memory system can be used to help mask the
total read cycle of DRAM devices.

However, this technique of interleaving memory only
works as long as you are accessing a different memory bank
after each memory access. If an immediate successive
memory access request is to the same memory bank that was
just accessed, the performance increase will not be achieved.
For example, if after obtaining data from memory address 5 at
time 353 the processor then needs to access memory address
1 (such as if there is a program loop back to address location
1) then the processor must wait for bank 1 to complete the
internal actions associated with the previous memory access
to memory address 5 before attempting to access memory
address 1 located within the same memory bank. And if the
processor then sequentially accesses another memory address
inbank 1, such as memory address 9, then the memory system
will again have to wait for bank 1 to complete the previous
memory access to address 1. Thus, there will be no more
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overlapping memory access with bank 0. Thus, the advan-
tages of interleaved memory are lost when there are succes-
sive memory accesses to the same memory bank.

To increase the performance of memory operations in an
interleaved system, a computer program can be written in a
manner that avoids the memory bank conflicts when access-
ing program data. Although this is possible, it is difficult to
write computer code that will always avoid all memory bank
conflicts. Itis very difficult and time-consuming for computer
programmers to carefully craft their computer code to deal
with such constraints. Furthermore, the vast majority of com-
puter software development is done in high-level computer
languages such as C, C++, Pascal, FORTRAN, etc. These
high-level programming languages lack any features to
handle such memory bank constraints such that programming
would need to be done in assembly language that is very
difficult to work with.

Accessing Independent Memory Banks in Parallel

As set forth with reference to FIGS. 3A and 3B, the opera-
tion of different memory banks may be completely indepen-
dent of each other. Thus, two completely independent
memory access operations can be performed on two different
memory banks simultaneously. This allows for the creation of
high speed memory systems that achieve their high memory
bandwidth by serving multiple consumers of memory simul-
taneously. By allowing two different users of a memory sys-
tem to access independent memory banks simultaneously, the
effective memory bandwidth for the memory system is
doubled.

FIG. 4A illustrates an example of a memory system having
four independent memory banks (bank 0, 1, 2, and 3) that
allows multiple memory requests to be received from two
different memory user 411 and memory user 412. As long as
the two memory users (411 and 412) access different memory
banks then those two memory users can share the memory
system and operate without stalling. Thus, as illustrated in the
timing diagram of FIG. 4B, memory user 411 can access
memory address 000 while memory user 412 accesses
memory address 101. Then memory user 411 can access
memory address 202 while memory user 412 accesses
memory address 304.

However, if the two memory users (411 and 412) attempt to
access the same memory bank, then at least of the memory
users must be stalled. For example, in the fourth data period
illustrated in FIG. 4B, memory user 411 accesses memory
address 105 while memory user 412 attempts to accesses
memory address 101. Since memory address 105 and
memory address 101 are in the same memory bank (memory
bank 1), one of the memory users must be delayed. In the
example of FIG. 4B, memory user 411 is giving priority such
that memory user 412 is stalled since its memory access of
memory address 101 cannot be completed until after waiting
for memory user 411 to complete its access of memory
address 105.

The preceding description of the memory system disclosed
in FIG. 4A was made with reference to two individual
memory users: memory user 411 and memory user 412. How-
ever, the memory system disclosed in FIG. 4A can just as
easily be used with a single memory user that is operating at
twice the speed of memory user 411 and memory user 412. If
processor 410 operates at twice the clock speed of memory
users 411 and 412, then processor 410 will be able to issue
two memory requests in the single clock cycle used by
memory users 411 and 412. These two memory requests can
be presented to memory system controller 421 simulta-
neously. Thus, from the perspective of memory system con-

30

35

40

45

55

12

troller 221, a single entity issuing memory requests at twice
the speed is no different than two entities issuing memory
requests at a normal speed.

In order to maximize the memory bandwidth for the
memory system illustrated in FIG. 4A, the programmers for
such a system should carefully construct their computer code
such that memory bank conflicts are minimized. However, as
set forth earlier, creating such constraints makes the program-
ming for such a system difficult and time-consuming. And as
noted earlier, high-level programming languages do not have
features that will allow a programmer to ensure such con-
straints are being observed.

In an ideal memory system, multiple different entities
could access any address location of that memory system
simultaneously. None of the simultaneous memory accesses
to any memory location in this ideal system would cause any
memory bank conflict that would stall the system. Further-
more, this system would not impose any special program-
ming constraints such that a programmer could use any high-
level language without worrying about when a memory
conflict would occur or not.

A New Paradigm for High-Speed Memory Systems

To construct a real memory system that is closer to an ideal
memory system that allows multiple entities to access
memory with very fewer constraints, the present disclosure
introduces a “virtualized memory system”. The virtualized
memory system accomplishes this goal without imposing any
specific programming restraints upon the user of the virtual-
ized memory system. The virtualized memory system of the
present disclosure allows for a simultaneous read and write
operations to the same memory bank with suffering the pen-
alties typically associated a memory bank conflict.

The virtualized memory system operates in a manner
analogous to traditional virtual memory as disclosed in FIG.
2. Like traditional virtual memory, the highspeed virtualized
memory system of the present disclosure allows program-
mers to work in a virtualized memory address space without
having to worry about the specific details of how the virtual-
ized memory system specifically operates. Instead, a virtual-
ized memory controller translates all memory access requests
made to a virtualized memory address space into a physical
memory address space. However, the virtualized memory
controller accomplishes this address space translation in a
manner that prevents any memory bank conflicts from affect-
ing the performance of the entity that is using the virtualized
memory system. Thus, optimum memory performance is
achieved from the perspective of the entities sending memory
access requests to the virtualized memory system.

Behind the scenes, the virtualized memory system trans-
lates the memory requests made in a virtualized address space
into a real physical address space using a set of mapping
tables that ensure there will be no memory bank conflicts that
will reduce performance of the entity accessing the virtual-
ized memory system. In order to accomplish this goal, the
virtualized memory controller maps the virtualized memory
address space to a larger physical address space. Using the
larger physical memory address space, the virtualized
memory system hides the effects of any memory bank con-
flicts from the user of the memory system. Thus, whereas
traditional virtual memory system (such as the one illustrated
in FIG. 2) maps a larger virtual address space 225 onto a
smaller physical memory address space 204 in order to
achieve the appearance of a larger memory space; the virtu-
alized memory system of the present disclosure maps a
smaller virtualized address space onto a larger physical
memory address space in a manner that achieves an improved
memory performance.
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FIG. 5 illustrates a conceptual diagram of the virtualized
memory system 500 of the present disclosure. In the system
disclosed in FIG. 5, memory user 511 and memory user 512
access the same virtualized memory system 500. All of the
memory access requests to the virtualized memory system
500 are handled by a virtualized memory system controller
521. The virtualized memory system controller 521 translates
all memory access requests made to a virtualized memory
address space 504 into a larger physical memory address
space 502. The virtualized memory system controller 521
performs this address space translation with the aid of one or
more virtualized memory tables 523 in the virtualized
memory system controller 521. The end result of the address
space translation is that patterns of memory access requests
from memory user 511 and memory user 512 that would
typically cause performance-reducing memory bank con-
flicts in a prior memory system (such as the system illustrated
in FIG. 4A) do not cause memory bank conflicts from the
perspective of memory user 511 and memory user 512.

As with the system of FIG. 4A, the concurrent memory
requests to the virtualized memory system 500 may be from
a single entity operating at twice the speed. Thus, processor
510 operating at twice the clock speed of the virtualized
memory system 500 could issue two sequential memory
requests that would appear as two memory requests received
concurrently by virtualized memory system 500.

Virtualized Memory System Internal Organization

FIG. 6 illustrates a block diagram of a first embodiment of
a virtualized memory system 600. As previously depicted in
the conceptual diagram of FIG. 5, the virtualized memory
system 600 mainly consists of a virtualized memory system
controller 621 and physical memory 620. The physical
memory 620 of FIG. 6 is organized into five independent
memory banks (Bank A to E) having 100 rows each. For ease
of'explanation, this document will refer to memory bank sizes
and memory addresses with base 10 (decimal) numbers but
most actual implementations would use an even multiple of 2
for a base 2 (binary) address system. In the virtualized
memory system 600 embodiment of FIG. 6 that has five
memory banks with 100 rows in each memory bank, there are
500 unique physical memory addresses in the physical
memory 620.

As set forth FIG. 5, the virtualized memory system pre-
sents a virtualized memory address space that is smaller than
the actual physical address space to users of the virtualized
memory system. Thus, in the embodiment of FIG. 6, an initial
virtual memory address space 604 (surrounded by a rectangle
made of dotted lines) comprising virtualized memory
addresses 000 to 399 is represented within physical memory
banks A to D. Physical memory bank E does not initially
represent any of the virtualized memory locations such that
memory bank E’s memory locations are marked ‘empty’. As
depicted in FIG. 6, this document will specify a virtualized
memory address that is currently being represented by a
physical memory location as a three-digit virtualized memory
address within the box of the physical memory location. For
example, the physical memory location at row 00 of Bank B
initially represents virtualized memory address 100 such at
‘100’ is depicted within the box at row 00 of memory bank B.
As will be set forth later in this document, the actual locations
of the various virtualized memory addresses will move
around in the physical memory space 620, thus the virtual
memory address space 604 organization in FIG. 6 only rep-
resents an initial condition.

The virtualized memory system controller 621 is respon-
sible for handling all virtualized memory access requests
from the memory user(s) 610. The memory system controller
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621 translates virtualized memory addresses (the 000 to 399
addresses in FIG. 6) into actual physical addresses (identified
in FIG. 6 by the memory bank letter and the row within that
memory bank) within the physical memory 620. To accom-
plish this address translation task, the memory system con-
troller 621 uses at least one virtualized memory table 623. In
the specific embodiment of FIG. 6, the virtualized memory
table 623 has a number of rows equal to the number of rows in
the memory banks and a number of columns equal to the
number of memory banks. In this manner, there is both a
one-to-one correspondence between the columns of virtual-
ized memory table 623 and the memory banks and a one-to-
one correspondence between the rows of virtualized memory
table 623 and the rows in the physical memory banks

Each entry in the virtualized memory table 623 specifies
the most significant digit of the virtual memory address that is
currently represented in the corresponding memory bank and
row. Thus, in the initial condition, Bank A of the physical
memory 620 contains addresses 000 to 099 such that every
entry in the Bank A column of virtualized memory table 623
contains a ‘0’. (Again, note that this example is using decimal
values only to simplify the explanation. An actual implemen-
tation would likely use a set of most significant bits from a
binary virtualized memory address.) Similarly, in the initial
condition, Bank B of the physical memory 620 contains
addresses 100 to 199 such that every entry in the Bank B
column of virtualized memory table 623 contains a ‘1’. And
so on for memory banks C and D. In the initial state illustrated
in FIG. 6, memory bank E does not represent any information
from the virtualized memory address space and thus has the
corresponding column E entries marked ‘e’ since bank E does
not currently contain any information stored in the virtualized
addresses.

Handling a Simultaneous Read and Write

The virtualized memory system 600 of FIG. 6 is configured
to handle a read request with a simultaneous write request to
any other address in the virtualized memory system 600 with-
out ever forcing the memory user(s) 610 to stall due to a
memory bank conflict. Thus, even if the read request and the
write request are to the same memory bank (which would
cause a memory bank conflict in most memory systems), the
virtualized memory system 600 will handle the request with-
out stalling the memory user(s) 610. Thus, the virtualized
memory system 600 provides a guaranteed memory band-
width such that all applications which require a guaranteed
memory access time can use the virtualized memory system
600.

It should be noted that one situation that cannot be dealt
with easily is when both a read and a write are received for the
exact same address. Normally, a memory user should never
issue such a request since there is really no reason to read an
address when that same address is being written to by the
same entity. However, if such a case occurs, the reader may be
given the original data or the newly written data depending on
the implementation.

As set forth earlier with reference to FIGS. 4A and 4B, a
multi-bank memory system with independent memory banks
can easily handle multiple simultaneous memory access
requests as long as the memory access requests are directed to
different memory banks in the memory system. For example,
one memory user could write to Bank A in FIG. 6 while
another memory user reads from Bank C with no difficulties.
However, when two simultaneous memory access requests
are directed to the same memory bank, then a memory bank
conflict occurs.

The virtualized memory system controller 621 handles
memory bank conflicts wherein a read operation and a write
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operation are simultaneously issued to the same memory
bank by moving the virtualized memory address for the write
operation to an unused memory location as listed in the vir-
tualized memory table 623. An example of this is set forth
with reference to FIGS. 7A and 7B.

FIG. 7A illustrates the same virtualized memory system
600 of FIG. 6 in the same initial condition. If the virtualized
memory system controller 721 simultaneously receives a
memory write to virtualized address 101, written as W(101)
in FIG. 7A, and memory read to virtualized address 103,
written as R(103), this memory access pattern would nor-
mally cause a memory bank conflict since both virtualized
address 101 and 103 are in the same memory bank (memory
bank B). To prevent the conflict, the virtualized memory
system controller 721 allows the read of virtualized address
103 to proceed as normal in physical memory bank B but
handles the write to virtualized address 101 using a different
memory bank. The data currently residing in the current vir-
tualized address 101 is no longer relevant since a new data
value is being written to virtualized address 101.

To determine how to handle the write to virtualized address
101, the virtualized memory system controller 721 uses the
least significant digits of address 101 to read row 01 of the
virtualized memory table 723 to determine which memory
bank has an unused memory location in that physical row.
Upon identifying the memory bank having an unused
memory location for that row, the virtualized memory'system
controller 721 will then use that memory bank instead. In the
example of FIG. 7A, the virtualized memory table 723 entry
for the 01 row contains (0,1,2,3,e) which indicates that
memory bank E has the empty location (“e”). Thus, virtual-
ized memory system controller 721 stores the data for the
write to virtual address 101 into the 01 row of memory bank
E. This is illustrated as ‘101’ in the 01 row of memory bank E
in FIG. 7B. (The actual data value is not shown since it does
not matter for this discussion.)

Since a new data value for virtualized memory address 101
has been written to a new location (row 01 of bank E), the old
location that previously represented virtualized address 101
(row 01 of bank B) is no longer valid and should not be used.
Therefore, the virtualized memory system controller 721
updates row 01 of the virtualized memory table 723 to reflect
the new location of virtualized memory address 101 (row 01
of' bank E) and the new memory bank having an empty loca-
tion for row 01 (memory bank B). Thus, the virtualized
memory system controller 721 writes a “1” in the E bank
column for row 01 and an “e” (for empty) in the B bank
column for row 01 in the virtualized memory table 723 as
illustrated in FIG. 7B.

Note that the location of any particular virtualized memory
address can be determined from the virtualized memory table
723. Specifically, the lower two digits of the virtualized
address are used to selected a row in the virtualized memory
table 723 and the column that contains the first digit of the
virtualized address specifics the memory bank. For example,
virtualized memory address 304 can be located in the physical
memory by reading the ‘04’ row of the virtualized memory
table 723 and then locating the column of that row which
contains ‘3’ (the D column) such that virtualized address 304
currently resides in row 04 of memory bank D.

A second example of handling a simultaneous read opera-
tion and write operation is provided with reference to FIGS.
7C and 7D. FIG. 7C uses the state of FIG. 7B as a starting
point and then simultaneously receives a write to virtualized
address 201 and a read from virtualized address 204. To
perform the read of virtualized address 204, the memory
controller 721 first determines the location of virtualized
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address 204 in the physical memory. Thus, the memory con-
troller first reads out the 04 row of virtualized address table
723 which contains (0,1,2,3,e). Since the first digit of the
virtualized address 204 (a ‘2’) is in the C column, the memory
controller 721 reads the data for virtualized address 204 out of
the 04 row of memory bank C. To handle the write to virtu-
alized address 201 (which was previously in the 01 row of
column C thus causing a memory bank conflict with the read
from row 04 of memory bank C), the memory controller 721
reads row 01 from virtualized address table 723 to learn that
the available (empty) memory bank for row 01 is now in
memory bank B since row 01 of the table 723 contains (0,e,
2,3.1). Thus, the data associated with the write to location 201
is placed in row 01 of physical memory bank B as depicted in
FIG.7D. The memory controller 721 also updates table 723 to
reflect the new location of virtual address 201 and the location
of the new empty memory bank for that row (bank C).

As can be seen from the above two examples, the virtual-
ized memory system will always have at least two locations
where it can perform a write for any virtualized address: the
current location of that virtualized address or the memory
bank for that row designated as empty. If an incoming write
does not cause a memory bank conflict with a simultaneous
read, then the virtualized memory controller 721 will store the
data in its current location. However, if there is a memory
bank conflict caused by a read and write to the same memory
bank, then the virtualized memory controller 721 will write
the data to the memory bank having an empty location for that
row and update the new location of that virtualized memory
address in the virtualized memory table 723. The lowest two
digits of the virtualized address space location will always
designate the row in the physical memory space. (Or in a real
digital implementation, a subset of bits from the virtualized
memory address such as a set of least significant bits of the
virtualized memory address.)

Multiple Entries in Each Memory and Table Row

In the examples of FIG. 6 and FIGS. 7A to 7D, the rows of
each memory bank (and the entries in the corresponding
memory table) have been depicted as a single memory loca-
tion. However, this is not a requirement of the system of the
present disclosure. As long as individual columns of each
memory bank can be read from and written to independently,
each row of each memory bank may contain multiple indi-
vidual data entries. FIG. 8 illustrates one possible example of
such an implementation.

Referring to FIG. 8, each memory bank has been divided
into three columns. Each of these columns in each row may
represent a different virtual memory address within that same
row of the memory bank. Note that additional address bits
from the virtualized memory address must be used to specify
which column in that memory bank row is specifically being
addressed. To handle the different columns, the virtualized
memory table 823 must also have a corresponding set of
columns. In this manner, each individual column can be
located, read, and moved as necessary. As illustrated in FIG.
8, there is still a one to one correspondence between addres-
sable memory locations in the memory banks and locations in
the virtualized memory table 823.

It should be noted that the implementation set forth in FIG.
8 may be advantageous in many implementations. By using
memory circuits that read out wide rows of data, and thus have
fewer read-out circuits per memory cell, greater memory
density can be achieved. Thus, many (if not most) implemen-
tations may use the teachings set forth with reference to
FIG. 8.



US 9,280,464 B2

17

Single Read, Multiple Writes Simultaneously:

The virtualized memory system set forth in the previous
sections can be expanded to handle more than one write
operation along with a single simultaneous read operation. In
order to handle additional write operations, there only needs
to be an additional memory bank for each additional write
operation that will occur simultaneously with the memory
read. For example, to handle two write operations and one
read operation two additional memory banks are required as
illustrated in the embodiment of FIG. 9A.

FIG. 9A illustrates one possible initial state for a virtual-
ized memory system that can simultaneously handle one read
operation and two write operations. As set forth in the previ-
ous sections, if the memory access requests access different
memory banks then there is no memory bank conflict and all
the memory operations are handled independently. However,
in the example of FIG. 9A, three memory operations access-
ing virtualized memory addresses in the same memory bank
(bank D) are received: a read to virtualized address 301, a
write to virtualized address 303, and a write to virtualized
address 398.

To handle the read to virtualized address 301, the memory
system controller 921 access the virtualized memory table
923 and reads row 01 to discover that ‘3’ is in the D column.
Thus, the memory system controller 921 accesses row 01 of
bank D to respond to the read request. Since memory bank is
D busy handling the read operation, the write operations must
be handled with different memory banks.

To determine which memory banks can handle the write
operations, the memory system controller 921 access the
virtualized memory table 923 and reads the correspond rows
for the write operations (row 03 for the write to 303 and row
98 for the write to 398). Then memory system controller 921
then identifies the memory bank having empty locations
specified by those rows. In this case, both of those rows report
that memory banks E and F have an empty slot for those rows.
The memory system controller 921 then stores the data from
the memory write operations into those memory banks Note
that since both rows reported memory banks E and F as being
available, the memory system controller 921 must coordinate
the writes in a manner that avoids another memory bank
conflict. Thus, one of the write operations will use memory
bank E and the other write operation will use memory bank F.
In this example, the write to virtualized address 303 is written
to memory bank E and the write to virtualized address 398 is
written to memory bank F. The virtualized memory table 923
must then be updated to reflect the new locations for virtual-
ized addresses 303 and 398 and the new empty banks for row
03 and 98. The final state after the read operation to address
301 and the two write operations to addresses 303 and 398 is
illustrated in FIG. 9B.

Another example of a read operation and two write opera-
tions is illustrated in FIGS. 9C and 9D. FIG. 9C uses the state
of FIG. 9B as a starting point and receives a read operation
addressed to virtualized address 200, a write operation to
virtualized address 203, and another write operation to virtu-
alized address 299. The system operates in the same manner
and the final state is illustrated in FIG. 9B. In this case the
write for virtualized address 203 had banks D and F available
and the write to virtualized address 299 had banks E and F
available. In this case, the memory system controller 921
stored the data for the write to virtualized address 203 in row
03 of bank D and stored the data for the write to virtualized
address 299 in row 99 of column E.

Additional write operations can be handled by adding addi-
tional memory banks to the physical memory. However, the
number of accesses to the virtualized memory table 923 will
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eventually become very numerous such that virtualized
memory table 923 will become overloaded. Various well-
known techniques can be used to handle this issue such as
keeping multiple parallel copies of virtualized memory table
923. For example, ping-pong memory system techniques,
duplicate tables, and even the techniques disclosed in this
document can be used to implement the virtualized memory
table.

Additional Performance Gains with Destructive Reads

When a DRAM memory device responds to amemory read
request, the DRAM memory device activates aread circuit for
reading data out of memory matrix made up of columns and
rows of memory cells. The read circuit in a typical DRAM
device uses sense amplifiers to read out an entire row from the
memory matrix into a driver row. A multiplexer is then used to
select a desired subset of data from the driver row and serves
that data to the memory reader.

During the read process, the data in the memory matrix is
typically destroyed such that the DRAM device must write
back (or refresh) the data such that the memory matrix con-
tinues to store the data. Specifically, the act of reading data
from the memory cell dissipates the charge on the capacitor
within the memory cell. Thus, before the DRAM device can
handle any additional memory access requests, that DRAM
device must write back (or restore) the data read out of the
memory matrix. If a particular application only needs to read
back a row of data just once then a destructive read can be
used to improve memory read performance. Specifically,
when a read request for a particular row is received, the
memory device reads out the entire row from the memory
matrix (thereby destroying the data in the row) and serves the
row of data to the entity that requested the row of data. Since
the memory device does not take the time to write the row of
data back into the memory matrix, the memory device will
immediately be ready for additional memory access requests.
However, that row of data read from the memory matrix will
no longer be available in the memory matrix.

The virtualized memory system of the present disclosure
may take advantage of such destructive read operations to
improve the performance of the memory system. However,
using the teachings ofthe present disclosure, the data from the
destructive read does not need to be lost. Instead, the
requested data is destructively read out of the memory device,
served to the memory reader, and the data placed into a
temporary register within the virtualized memory controller.
Then, in a subsequent clock cycle, the data in the temporary
register is then written back into one of the memory banks
(not necessarily the same location it was read from). In such
an arrangement, the reason for the use of a destructive read
operation is to improve memory read performance but to do
so without actually losing the data. The destructively read
data is not lost due to the write-back performed by the
memory controller instead of the normal refresh performed
within the DRAM device itself.

In the system of the present disclosure, the write-back of
the data from the temporary register merely adds another
write operation that needs to be performed in the subsequent
clock cycle. However, as set forth in the previous section, the
teachings of the present disclosure allow for multiple writes
to be performed concurrently such that this write-back will
not be seen from the perspective of the memory user. A first
embodiment of a memory system that performs a single read
operation (using fast destructive read) and simultaneous write
operation is illustrated in FIGS. 10A to 10D.

FIG. 10A illustrates an initial starting condition of a
memory system when a destructive read operation (R,,) for
virtualized address 301 and a write operation to virtualized
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address 398 are received by the memory system. The memory
system controller 1021 reads row 01 of the virtualized
memory table 1023 to determine where virtualized address
301 currently resides (in row 01 of physical bank D) and
quickly serves the data from virtualized address 301 with a
destructive read operation. At this point, the data in row 01 of
physical bank D is now invalid since the data was destroyed
during the destructive read operation. However, the memory
system controller 1021 will also keep a copy of the data that
was read out and the virtualized address (301 in this example)
in registers 1031 in memory system controller 1021 as
depicted in FIG. 10B.

The simultaneously received write operation addressed to
virtualized address 398 is handled in the same manner as
described in the previous embodiments. In this example, there
is a bank conflict with the read of virtual address 301 such that
the write to virtualized address 398 is written to a different
memory bank. The memory controller reads row 98 of the
virtualized memory table 1023 to identify an available
memory bank to store the data being written to virtualized
address 398. In this example, the data written to virtualized
address 398 is written to the physical memory location des-
ignated by row 98 of bank E and the virtualized memory table
1023 is updated with the new location of virtualized address
398 accordingly. The final state after the read of virtualized
address 301 and the write to virtualized address 398 is illus-
trated as depicted in FIG. 10B. Note that row 01 of the
virtualized memory table 1023 now contains three available
memory banks since one of the row 01 data elements (virtu-
alized address 301) is temporarily stored in register 1031 in
the memory system controller 1021.

The data associated with virtualized address 301 tempo-
rarily stored in register 1031 needs to be written back to the
physical memory array. Thus, a write-back is handled as a
second write operation in a subsequent cycle. FIG. 10C illus-
trates the state of FIG. 10B wherein a new destructive read
(from virtualized address 303) and a new write operation (to
virtualized address 300) have been received. In addition to
those two memory operations, the write-back of the data
associated with virtualized address 301 temporarily stored
within register 1031 must also be performed as illustrated. All
three memory operations will be handled as follows.

Since the data to be read out is only available in the one
location, the destructive read from virtualized address 303
takes priority. Thus the memory system controller 1021
locates the data for virtualized address 303, performs the
destructive read operation, serves the data to the memory
reader, and maintains a copy of the destructively read data
(and virtualized address) within another register 1032 of
memory system controller 1021. The write operations to
address 300 and 301 are handled in the same manner set forth
in the previous sections. Since there is a conflict with the D
memory bank, the 00 and 01 rows are read out of the virtual-
ized memory table 1023 to identify available memory banks.
The 01 row of the virtualized memory table 1023 indicates
that banks D, E, and F are all available but this is not the case
since memory controller is currently accessing memory bank
D for the destructive read of virtualized address 303. Thus, the
data for the write-back of virtualized address 301 is put into
row 01 of bank E. The 00 row of the virtualized memory table
1023 indicates that memory banks E and F are available, but
since the write-back of address 301 is using bank E, that
leaves bank F as the remaining free bank such that the
memory system controller 1021 writes the data for virtualized
address 300 into row 00 of bank F. The final state of the virtual
memory system after the destructive read of address 303, the
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write to address 00, and the write-back of the previously
destructive read data from address 301 is illustrated in FIG.
10D.

For simplicity, the destructive read example set forth in
FIGS. 10A to 10D operates on an entire row of a memory
bank. However, in most actual implementations, only a subset
of a particular row will be destructively read out of the
memory matrix. The remaining data in that memory row will
not be affected. In this manner, the data paths from the
memory bank to the memory controller do not have to be very
wide. In such an embodiment, the virtualized memory table
would also need to be segmented in the same manner as the
memory rows as depicted in FIG. 8.

Even Greater Performance Gains Using Destructive Reads

Destructive read operations can be performed very quickly
within a DRAM memory device. In fact, in some memory
circuit designs, a destructive read operation can be performed
twice as fast as a write operation (or a normal read operation
which includes a write-back). Since the teachings of the
present disclosure allow multiple additional writes to be per-
formed in a memory cycle, write-backs of destructively read
data can be performed concurrently with other operations. If
the clock rate for the memory system is allowed to run twice
as fast as the clock rate for an entity using the memory system,
then a memory system can be constructed that handles two
simultaneously read operations along with additional write
operations without ever stalling due to a memory bank con-
flict.

In the example system that will be presented, it will be
assumed that a destructive memory read operation can be
performed in 2 nanoseconds (ns) and a memory write opera-
tion requires 4 ns. With such a memory circuit, a memory
system clock cycle that is 2 ns long will allow for a single
destructive read operation but two cycles will be required to
perform a write operation. If an entity that uses the memory
system runs with a clock cycle that is running half as fast (a
clock cycle that is at least 4 ns long), then that entity will be
able to concurrently issue two destructive read operations and
multiple write operations to the memory system. The two
destructive read operations will be performed within the
memory system in consecutive clock cycles at the faster
memory system clock speed. The write operations will
require two clock cycles at the faster memory system clock
speed but this is only one cycle for the memory user. And
since the teachings of the present disclosure allow for mul-
tiple write operations, all of the write operations can be per-
formed concurrently in a single clock cycle from the perspec-
tive of the memory user.

FIG. 11A illustrates an initial state for a memory system
that can perform two read operations and one write operation
simultaneously. Although this example only discusses a
single write operation in addition to the two read operations,
additional multiple additional write operations can easily be
handled by adding additional memory banks as needed as set
forth in previous sections of this document. For example, an
implementation with two reads and two writes would provide
a nice symmetric functionality. In the example of FIG. 11A,
the memory system receives a write to address 399, a read
from address 301, and a read from address 304.

Again, the read operations must take priority since the data
can only be read from where the data is currently stored. In
this example, both of the read operations are directed toward
data stored within bank D since both address 301 and 304
currently reside within memory bank D. Normally this would
cause a bank conflict. However, since the memory system
clock is running at least twice the rate of the memory user and
very fast destructive read operations are being performed, the
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two read operations may be performed consecutively within
the memory system and appear as simultaneous to the
memory user. Thus, both address 301 and 304 can be read in
a single clock cycle from the perspective of the memory user.

The write operation to address 399 is also directed to a
virtualized address that is currently represented within
memory bank D. To avoid a memory bank conflict with the
read operations, the memory system controller 1121 consults
the 99 row of the virtualized memory table 1123 to locate an
available memory bank in which to write the data for virtu-
alized address 399. The 99 row of the virtualized memory
table 1123 indicates that memory banks E, F, and G are
available such that the memory system controller 1121 writes
the data for address 399 into the 99 row of bank E and updates
the virtualized memory table 1123 accordingly. FIG. 11B
illustrates the state of the memory system after the read from
address 301, the read from address 304, and the write to
address 399. The data from the destructive read operations of
addresses 301 and 304 results in having the data from those
reads reside in temporary registers 1131 and 1132, respec-
tively.

In subsequent memory cycles, the memory system control-
ler 1121 needs to handle the write-backs from the destructive
read operations. Thus, the data from the destructive read
operations of addresses 301 and 304 currently residing in
temporary registers 1131 and 1132 must be written back into
the physical memory array. However, these write-backs must
be performed while continuing to handle additional memory
access requests in those subsequent cycles. FIG. 11C illus-
trates the memory system with the state from FIG. 11B
wherein a new write operation to address 398, a read from
address 300, and a read from address 302 have been received.
In addition to these three memory options, the memory sys-
tem controller must also handle the write-backs from tempo-
rary registers 1131 and 1132 due to the previous destructive
read operations.

The memory system controller 1121 reads the virtualized
memory table 1123 to locate the current position of virtual-
ized address 300 and virtualized address 302 for the read
operation. Both addresses reside within memory bank D but
memory system controller 1121 will be able to handle both
destructive read operations from memory bank D without a
memory bank conflict by accessing memory bank D with
destructive read operations in consecutive fast memory sys-
tem cycles. The data from those destructive reads will be
served to the memory user and stored in temporary registers
1133 and 1134 for later write-back into the physical memory
system. The memory system controller 1121 will update the
virtualized memory table 1123 to reflect that memory
addresses 300 and 302 no longer reside anywhere in the
physical memory array due to the destructive read operations.

In addition to the two read operations, the memory system
controller 1121 must simultaneously handle three write
operations: the write-back of the address 301 data in register
1131, the write-back of the address 304 data in register 1132,
and the new write of data to address 398. Consulting the
virtualized memory table 1123, it can be seen that the two
write-back data values are not in the physical memory (since
those data values are in registers 1131 and 1131) and that the
current location of virtual address 398 is in memory bank D
that is busy with the read operations. Since the memory sys-
tem controller 1121 is already reading from memory bank D
with the memory reads, the memory system controller 1121
cannot write to memory bank D. Instead, the memory system
controller 1121 must consult the virtualized memory table
1123 and write these data items to memory banks other than
memory bank D (due to the conflict with the read operations)
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and a different memory bank for each write operation. In this
example, the write-back to address 301 will use memory bank
E, the write-back to address 304 will used memory bank F,
and the write to address 398 will use memory bank G. Note
that the memory system controller 1121 will perform the
consecutive reads from memory bank D and the writes to
memory banks E, F, and G concurrently without a memory
bank conflict.

The final state of the physical memory and the virtualized
memory table 1123 is illustrated in FIG. 11D. As depicted in
FIG. 11D, the various virtualized addresses will move about
within the physical memory system in order to avoid memory
bank conflicts, but the current position of each virtualized
memory address location can be determine by examining the
temporary registers (1131, 1132, 1133, and 1134) and the
virtualized memory table 1123.

As set forth with the previous example, the use of very fast
destructive read operations can be used to perform consecu-
tive read operations within a single clock cycle of device that
operates at half the clock speed of the memory system. When
combining those two high-speed read operations along with
two write-back operations (to handle previous destructive
reads) and any additional number of write operations, the
memory system of FIGS. 11A to 11D allows destructive read
operations to form the basis of a high-speed memory system
that can handle two reads and multiple additional rights from
the perspective of an entity that uses the memory system.

Read/Modify/Write Operations

A common memory operation that must be performed in
many applications is a read, modify, and write operation. A
processor reads a data value from memory, modifies the data
value, and then writes the data back to memory. This type of
operation is performed for all different types statistics
counters maintained by various applications such as network
equipment and data acquisition systems.

The techniques of the present disclosure can be used to
implement efficient memory for read/modity/write (R, ;- as
depicted in the drawings) operations. Read/modify/write
operations can be handled very similar to the Read and Write
system disclosed in FIGS. 7A to 7D. A principle difference is
that a read, modify, write system can be implemented in a
more efficient manner since the memory system knows that a
write operation to the same address as the previous read
operation will shortly follow after read operation.

Such a read/write/modify memory system will often be
implemented with a separate read port and a separate write
port. The systems are implemented in a pipeline manner
where in after n clock cycles the corresponding write opera-
tion is received. In the following examples, the write opera-
tions are illustrated as being received one clock cycle after the
initial read to reduce the complexity forillustration. However,
the write may be received any (within reason) number of
cycles after the read operation. Since the write will be
received on a separate port a fixed number of cycles after a
read operation, no address needs to be specified with the write
operation since the memory system already knows exactly
which data item is scheduled for update next.

Referring to FIG. 12A, an initial read, modify, write opera-
tion to virtualized address 103 is received. The virtual
memory system controller 1221 reads out the contents of the
03 row in the virtualized memory table 1223 to locate virtu-
alized address 103 and serves the data to the memory user. In
addition, the virtual memory system controller 1221 stores a
copy of the 03 row that was read out of virtualized memory
table 1223 into a register 1241. FIG. 12B illustrates the final
state after the initial R, ,;-operation. No changes to the physi-
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cal memory or virtualized memory table 1223 have occurred
since no write operation occurred.

FIG. 12C illustrates the state of FIG. 12B when subsequent
read, modity, and write operation (to address 301) is received
by virtual memory system controller 1221. The virtual
memory system controller 1221 reads out the contents of the
01 row in the virtualized memory table 1223 to locate virtu-
alized address 301 and serves the data to the memory user. In
addition, the virtual memory system controller 1221 stores a
copy of the 01 row that was read out of virtualized memory
table 1223 into register 1241 while advancing the previous 03
row to a subsequent row of that register. During this process-
ing time, the memory user is modifying the 103 location that
was read in the previous cycle. FIG. 12B illustrates the final
state after the R,,;{301) operation. Again, note that no
changes to the physical memory or virtualized memory table
1223 have occurred since no write operation occurred yet.

FIG. 12E illustrates the state of FIG. 12D when subsequent
read, modity, and write operation (to address 101) is received
by virtual memory system controller 1221. In addition, the
write corresponding to the R, ;;(103) operation in FIG. 12A
has now been received. The memory system controller 1221
reads out the contents of the 01 row in the virtualized memory
table 1223 to locate virtualized address 101 and serves the
data to the memory user. The virtual memory system control-
ler 1221 also stores a copy of the 01 row that was read out of
virtualized memory table 1223 into register 1241 while
advancing the previous 01 row to a subsequent row of that
register. The 03 row from register 1241 is now used to handle
the write to 103 that has been received. Note that by using the
03 row from register 1241, there is one fewer read into virtu-
alized memory table 1223 thus reducing the load on virtual-
ized memory table 1223. Using the 03 row from register
1241, the memory system controller 1221 determines that
memory bank E is free (memory bank B that previously held
virtualized address 103 cannot be used due to the conflict with
the read to location 101). Thus, memory system controller
1221 stores the data associated with the write-back to virtu-
alized address 103 into row 03 of bank E. FIG. 12F illustrates
the final state after the write 103 and R, ;,(101) operations.

To prevent writing back an incorrect location, the memory
system controller 1221 must detect when there is a write-back
to a row of the virtualized memory table 1223 that is also
represented in register 1241. Such situations are detected and
the row in the register 1241 must also be updated. An example
is provided with reference to FIGS. 12F to 12G.

Referring to FIG. 12F, it can be seen that there are two
instances of row Olin register 1241. This is fine as long as the
real row Olin the virtualized memory table 1223 does not
change. FIG. 12G illustrates the state of FIG. 12F when
receiving a read, modify, write operation to virtualized
address 399 and a write-back address 301 from the earlier
R,#(301) operation. As usual, the read takes priority such at
memory system controller 1221 consults row 99 of the virtu-
alized memory table 1223 to locate virtualized address 399
and serve that data to the memory user. Row 99 is then written
into register 1241 to handle the later write-back and the 01
row from the R,,;{101) operation is advanced. The write
back of 301 is then handled using the 01 row from register
1241 that was associated with the R, ;;(301) operation. Since
there is a conflict with the current read from virtual address
399 in bank D, the memory system controller 1221 must write
back to the alternate free location in memory bank E. Thus,
memory system controller 1221 writes data for the virtual
address 301 write-back into the 01 row of memory bank E and
updates the virtualized memory table 1223. However, since
the virtualized memory table row 01 is also still represented in

10

15

20

25

30

35

40

45

50

55

60

65

24

register 1241, the 01 row in register 1241 must also be
updated. Thus, the 01 row in register 1241 is also updated to
reflect the new location of virtualized address 301 and, more
importantly, the new empty location in memory bank D.

Using Destructive Reads with a Read/Modify/Write
Memory System

Read, Modify, and Write memory operations are very com-
mon memory operations for various computer applications.
For example, any application that maintains a set of statistics
counters will need to read a counter from memory, adjust that
counter as needed, and then write that counter back into
memory each time that counter needs to be changed. Such
read, modify, and write operations are so common that dedi-
cated memory systems that perform such read/modify/write
operations in a highly efficient manner are in demand.

As set forth in the earlier sections on destructive read
operations, a DRAM memory device may operate signifi-
cantly faster if the condition of requiring data to be kept
within the memory system after a read operation is elimi-
nated. Specifically, destructive read operations wherein the
data in a memory device is read out but destroyed during the
process can be performed very quickly by memory devices.
Since a read, modify, write cycle does not need the data to be
maintained within a memory system after the initial read
operation (since modified data will be written back into the
memory), a read/modify/write memory system can take
advantage of destructive read operations in order to construct
a very efficient read/modify/write memory system. Such a
dedicated read/modify/write memory system would always
be able to use destructive reads since data never needs to be
maintained in the memory system after a read operation.

The teachings of the previous section on a read/modify/
write memory system may be combined with the earlier sec-
tions on creating a memory system using destructive read
operations to create a very efficient read/modify/write
memory system. Using the highspeed destructive read opera-
tions, the read/modify/write memory system will be able to
process two simultaneous read/modify/write read operations
along with two simultaneous follow-up write operations for
previous read/modify/write read operations.

FIG. 13 A illustrates an initial starting condition for a dedi-
cated read/modify/write memory system that can handle two
simultaneous read operations for a read/modity/write along
with simultaneous write-back operations for earlier read
operations. Two read operations as part of a read/modify/
write cycle (depicted as Rmw in FIG. 13A) are simulta-
neously received by the memory system: a first read/modify/
write read operation to virtualized address 20] and a second
read/modify/write read operation to virtualized address 204.
The memory system controller 1321 reads the appropriate
rows (01 and 04) out of the virtualized memory table 1323 to
determine the current locations of addresses 201 and 204,
reads the data with destructive reads, and serves the data to the
memory user that requested the data. The address locations
that were read from now contain invalid data due to the
destructive read. In preparation for the eventually write-
backs, the rows (01 and 04) that were read out from the
virtualized memory table 1323 are placed into registers 1341
and 1342, respectively. The final state after the read/write/
modify operations of FIG. 13A is illustrated in FIG. 13B.

In a subsequent clock cycle, additional read/modify/write
read operations are received as illustrated in FIG. 13C. FIG.
13C starts with the state of FIG. 13B and then receives read/
modify/write read operations for virtualized addresses 102
and 303. Again, the memory system controller 1321 reads the
appropriate rows (02 and 03) out of the virtualized memory
table 1323 to determine the current locations of virtualized
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addresses 102 and 303, reads the data with destructive reads,
and serves the data to the memory user that requested the data.
Similarly, in preparation for the eventually write-backs, the
rows (02 and 03) that were read out from the virtualized
memory table 1323 are placed into registers 1341 and 1342,
respectively. The 01 and 04 rows that were written into reg-
isters 1341 and 1342 are advanced to a next position in those
registers, ready to handle a write-back. The memory user that
read the data from address 201 and 204 is currently moditying
that data and will write back that data in a subsequent clock
cycle. The final state after the read/write/modify operations of
FIG. 13C is illustrated in FIG. 13D.

In a subsequent clock cycle, the memory user is now writ-
ing back the modified data for addresses 201 and 204 that
were read back in FIG. 13A. Thus, FIG. 13E illustrates two
write operations for addresses 201 and 204 along with two
new read/modify/write read operations. One again, the
memory system controller 1321 reads the appropriate rows
(03 and 01) out of the virtualized memory table 1323 to
determine the current locations of virtualized addresses 103
and 101, reads the data with destructive reads, and serves the
data to the memory user that requested the data. Once again,
in preparation for the eventually write-backs to address 103
and 101, the virtualized memory table 1323 rows (02 and 01)
that were read out will be placed into registers 1341 and 1342,
respectively.

The write-backs for the 201 and 204 addresses may be
handled using the row data in the bottom part of registers 1341
and 1342. The modified data for virtualized address 201 may
be written back to its original location in memory bank C
since the two read operations both read from memory bank B
(in consecutive fast destructive read operations). The modi-
fied data for virtualized address 204 cannot be written back to
its original location due to the write into bank C for virtual
address 201 and thus will be written to memory bank E. The
final state after the read/write/modify operations of FIG. 13F
is illustrated in FIG. 13D. Note that additional write opera-
tions may be allowed by simply adding additional memory
banks to prevent memory bank conflicts.

In the embodiment illustrated in FIGS. 13A to 13E, the
destructive read data is lost since the system is designed to
always expect a subsequent write-back from the memory
user. In an alternate embodiment, the system can be con-
structed to make the write-backs from the memory user
optional. The data destructive read from the memory matrix
can be carried along with the row from the virtualized
memory table data 1323 in registers 1341 and 1342. In such
an embodiment, the memory controller 1321 will write-back
the data carried in registers 1341 and 1342 if no subsequent
write-back request is received from the user of the memory
system.

Reducing Table Data and Word Enable

In the virtualized state table of the present disclosure, each
row specifies a single least significant set of bits and each
entry must contain a number of bits that when added to the
number of bits used to specify a row equals the number of bits
for a full memory address. The size of the virtualized memory
table and number of bits in each entry required to implement
a virtualized memory table is thus reasonably large. It would
be desirable to reduce the size of virtualized memory table or
the amount of information that needs to be stored within the
virtualized memory table to simplify the implementation of a
memory system that uses the teachings of the present disclo-
sure.

One way to reduce the size of the virtualized address table
is to have each row represent more than a single version of
least significant bits. Similarly, the amount of bits in the
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virtualized memory table may be reduced by having each data
entry in the physical memory system represent more than a
single set of most significant bits. In this manner, when a
particular virtualized address is accessed by combining the
entry from the virtualized address table with the bits from the
row designation, the address is not complete and thus speci-
fies a group of data elements instead of a specific data ele-
ment. Thus, each data entry in the virtualized memory table
and the physical memory represents a group of virtualized
addresses instead of a single virtualized address. When the
address specified by the virtualized memory table is accessed,
a group of data elements will be retrieved instead of a single
data element at a single virtualized address.

With such an implementation, the data entry from the
physical memory would always need to be treated as a single
group since there is only one pointer in the virtualized
memory table that specifies where that grouped of virtualized
addresses is located in the physical memory. If the data from
the group were split up, there would be no way to locate the
individual different data items. To ensure that the data is
always treated as a unified group, the system can only be
implemented as a read/modify/write type of system wherein
the contents of a data entry are read from the physical memory
and then stored in a register in the memory controller until a
subsequent write operation is received. In this manner, the
different data items within a single grouped entry are always
kept together as a group.

FIG. 14A illustrates an initial state condition of an example
read/modify/write memory system wherein the size of the
virtualized memory table is reduced by grouping together two
different virtualized addresses in each row of the virtualized
memory table. Specifically, the virtualized memory table of
FIG. 14A has half the number of rows since each row repre-
sents two different least significant sets of bits.

Inan alternative embodiment, there would be a single set of
least significant bits for each row but each entry in the virtu-
alized memory table would represent more than a single set of
higher order bits. Furthermore, these two methods for reduc-
ing the virtualized memory table can be used simultaneously.
For example, each row could designate two different least
significant bit patterns and each entry could represent two
different most significant bit patterns such that each entry in
the virtualized memory table (and the physical memory)
would represent four different individually addressable (from
the memory user’s perspective) data elements. The entire
group of four elements would be read as a single group, but
individual data elements from the group may be supplied to
the memory user and modified.

In the example of FIG. 14A, a first read/modify/write
operation has been received that reads from virtualized
address 204. The memory controller 1421 reads the 04,05 row
from the virtualized memory table 1423 to determine that
virtualized address 204 resides in row 04,05 ofthe C memory
bank. The memory controller 1421 reads this packed data
entry out of the physical memory array, serves the data from
virtualized address 204 to the memory user, and places the
04,05 memory table row and the data 204,205 data into the
register 1441. The final state after this operation is illustrated
in FIG. 14B.

Next, in FIG. 14C, system receives another read/modify/
write read operation to address 108. Again, the memory con-
troller 1421 access the virtualized memory table (row 08, 09)
to determine that virtualized address 108 resides in row 08,09
of the B memory bank. Thus, the memory controller 1421
reads this packed data entry out of the physical memory array,
serves the data from virtualized address 108 to the memory
user, and places the 08,09 memory table row and the data
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108,109 data into the register 1441. The 204,205 entry is
moved down to the next position. The final state after this
operation is illustrated in FIG. 14D.

In FIG. 14E, the write-back for virtualized address 204 is
received along with another read/modify/write read operation
to virtualized address 297. The read/modify/write read opera-
tion takes priority such that the memory controller 1421 first
accesses the virtualized memory table (row 96,97) to deter-
mine that virtualized address 297 resides in row 96,97 of the
C memory bank. Thus, the memory controller 1421 reads this
packed data entry out of the physical memory array, serves the
data from virtualized address 297 to the memory user, and
will place the 96,97 memory table row and the data 296,297
data into the register 1441. The data from the write-back to
virtualized address 204 is used to update the packed 204, 205
entry from register 1441 and then is written back into the
physical memory system. The original entry for 204,205 can-
not be used since the reading of the virtualized address 297
data is already using the C memory bank. Thus, the memory
controller writes the packed 204,205 entry to the other free
memory bank as indicated by the row 04,05 data, memory
bank E. FIG. 14F illustrates the final state after the write-back
of the 204 data as a packed 204,205 unit.

As setforth earlier, the techniques of FIGS. 14A to 14F can
also be implemented with a system that uses a single set of
least significant bits for each row in the virtualized address
table (and the physical memory) but a set of most significant
bits within each virtualized table entry that specifies more
than one data entry each having slightly different most sig-
nificant bits. For example, FIG. 15 illustrates a conceptual
diagram wherein each element with the virtualized memory
table 1423 specifies two different virtualized addresses. (Note
that although the two digits in the virtualized memory table
illustrated in FIG. 15 makes the drawing look physically
larger, in an implementation, a single least significant bit
would be removed to represent two grouped values and thus
physical table would actually be smaller.) In the example of
FIG. 15, by grouping together two data elements, twice as
many virtualized addresses are represented by the virtualized
address table (000 to 799 instead of just 000 to 399 as pre-
sented in the earlier examples.

The teachings of FIGS. 14A to 14F and 15 can also be used
to implement a “Word Enable” system wherein only a portion
of an individually addressable data element can be modified.
For example, many processors allow instructions that allow
for a subset of an individually addressable data element (such
as the least or most significant bits half). This technique is
known as “word enable” and the upper or lower word may be
specified by an upper half or lower halflines that are normally
kept high (indicating that both upper and lower half should be
accessed as normal).

The preceding technical disclosure is intended to be illus-
trative, and not restrictive. For example, the above-described
embodiments (or one or more aspects thereof) may be used in
combination with each other. Other embodiments will be
apparent to those of skill in the art upon reviewing the above
description. The scope of the claims should, therefore, be
determined with reference to the appended claims, along with
the full scope of equivalents to which such claims are entitled.
Inthe appended claims, the terms “including” and “in which”
are used as the plain-English equivalents of the respective
terms “comprising” and “wherein.” Also, in the following
claims, the terms “including” and “comprising” are open-
ended, that is, a system, device, article, or process that
includes elements in addition to those listed after such a term
in a claim is still deemed to fall within the scope of that claim.
Moreover, in the following claims, the terms “first,” “second,”
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and “third,” etc. are used merely as labels, and are not
intended to impose numerical requirements on their objects.

The Abstract is provided to comply with 37 C.F.R. §1.72
(b), which requires that it allow the reader to quickly ascertain
the nature of the technical disclosure. The abstract is submit-
ted with the understanding that it will not be used to interpret
or limit the scope or meaning of the claims. Also, in the above
Detailed Description, various features may be grouped
together to streamline the disclosure. This should not be inter-
preted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may
lie in less than all features of a particular disclosed embodi-
ment. Thus, the following claims are hereby incorporated into
the Detailed Description, with each claim standing on its own
as a separate embodiment.

What is claimed is:

1. A method of handling memory read requests in a digital
memory system, said method comprising:

receiving a first memory read request for a requested data

item, said first memory read request identifying a first
virtualized memory address in a virtualized memory
address space;

translating said first virtualized memory address into a first

physical memory address;

executing said first memory read request with a physical

memory system using the first physical memory
address, by reading a first data word from the first physi-
cal memory address;

simultaneously receiving a first memory write request with

a second data word along with the first memory read
request, the first memory write request identifying a
second virtual memory address in the virtual memory
address space;

translating the second virtualized memory address into a

second physical memory address; and

writing the second data word to the second physical

memory address when a write to the second physical
memory address currently associated with the second
virtualized memory address does not cause a memory
bank conflict with the reading of the first data word from
the first physical memory address;

writing the second data word to a third physical memory

address when the second physical memory address cur-
rently associated with the second virtualized memory
address causes a memory bank conflict with the reading
of the first data word from the first physical memory
address; and

updating a translation table to associate the third physical

memory address with the second virtualized memory
address when the second physical memory address cur-
rently causes a memory bank conflict with the reading of
the first data word from the first physical memory
address.

2. The method of claim 1, wherein the translating of the
first virtualized memory address into the first physical
memory address includes:

accessing a translation table using as an index a first subset

of the first virtualized memory address;

identifying a first memory bank from a set of N memory

banks that currently represents the first virtualized
memory address; and

generating the first physical memory address using the first

memory bank and the first subset of the first virtualized
memory address.

3. The method of claim 2, wherein the translation table has
an equal number of rows as the set of N memory banks.
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4. The method of claim 2, wherein the entries in the trans-
lation table store a second subset of the first virtualized
memory address.

5. The method of claim 1, further comprising:

simultaneously receiving a second memory write request

with a third data word along with the first memory read
request and the first memory write request, the second
memory write request identifying a fourth virtualized
memory address in the virtualized memory address
space;

translating the fourth virtualized memory address into a

fourth physical memory address;

writing the third data word to the fourth physical memory

address if writing to the fourth physical memory address
associated with the fourth virtualized memory address
does not cause a memory bank conflict with either the
first memory read request or the first memory write
request.

6. The method of claim 5, further comprising:

writing the third data word to a fifth physical memory

address when the fourth physical memory address cur-
rently associated with the fourth virtualized memory
address would cause a memory bank conflict with the
reading of the first data word from the first physical
address or the writing of the second data word to the
second physical memory address.

7. The method of claim 6, further comprising:

updating the translation tale to associate the fifth physical

memory address with the fourth virtualized memory
address when the fourth physical memory address
causes a memory bank conflict with the reading of a first
data word from the first physical memory address or the
writing of the second data word to the second physical
memory address.

8. A digital memory system for handling memory access
requests, said digital memory system comprising:

a set of N independent physical memory banks; and

a memory system controller, said memory system control-

ler comprising
a translation table, and
control logic configured to:

translate virtualized memory addresses received in said

memory access requests into physical memory
addresses using said translation table,

execute a first read request by translating a first virtualized

address into a first physical memory address in the set of
N independent physical memory banks;

simultaneously receive a first write request with a second

data word along with the first read request, the first write
request identifying a second virtual memory address;

translate the second virtualized memory address into a

second physical memory address; and

write the second data word to the second physical memory

address when a write to the second physical memory
address currently associated with the second virtualized
memory address does not cause a memory bank conflict
with the reading of the first data word from the first
physical memory address;

write the second data word to a third physical memory

address when the second physical memory address cur-
rently associated with the second virtualized memory
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address causes a memory bank conflict with the reading
of the first data word from the first physical memory
address; and

update the translation table to associate the third physical

memory address with the second virtualized memory
address when the second physical memory address cur-
rently causes a memory bank conflict with the reading of
the first data word from the first physical memory
address.

9. The digital memory system as set forth in claim 8,
wherein said translation table is accessed using a first subset
of the first virtualized memory address as an index and said
translation table identifies a first memory bank from the set of
N independent memory banks that currently represents said
first virtualized memory address.

10. The digital memory system as set forth in claim 9,
wherein said first subset of said first virtualized memory
address and said first memory bank are used to construct the
first physical memory address.

11. The digital memory system as set forth in claim 9,
wherein said translation table has an equal number of rows as
said set of N memory banks.

12. The digital memory system as set forth in claim 9,
wherein entries in said translation table store a second subset
of said first virtualized memory address.

13. The digital memory system as set forth in claim 8,
wherein an address space for said physical memory addresses
comprises the set of N independent memory banks and an
address space for said virtualized memory addresses occupies
a subset of said address space for the physical memory
addresses.

14. The digital memory system as set forth in claim 8,
wherein said control logic is configured to:

simultaneously execute the first read request to the first

virtualized address in a first memory bank and the first
write request to the second virtualized address by writ-
ing data associated with said first write request to a
second memory bank and updating said translation table
to associate said second virtualized address with said
second memory bank.

15. The digital memory system as set forth in claim 14,
wherein said control logic is configured to:

execute a second write request to a third virtualized address

in said first memory bank received simultaneously with
said first read request and said first write request to the
second virtualized address by writing data associated
with said second write request to a third memory bank
and updating said translation table to associate said third
virtualized address with said third memory bank.

16. The digital memory system as set forth in claim 8, said
digital memory system further comprising:

atemporary register in said memory system controller, said

temporary register configured to store a set of entries
read from said the translation table upon receiving a read
request to the first virtualized memory address,
wherein said control logic is configured to access said
temporary register if a memory write request to said first
virtualized memory address is temporally proximate to
said read request to the first virtualized memory address.
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